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Application No. 09/747,521 
Amendment dated December 18, 2003 
Reply to Office action of May 7, 2003 
Docket Number 22727/04079 

REMARKS/ARGUMENTS 

Claims 23, 24, 26, 27, 31, 41, 42 and 45-53 are pending in the application. Claims 23, 
24, 26, 27, 31, 41, 42 and 45-53 are rejected. By the present amendment claims 24, 26, 27, 31, 
41, 42, 45-50 and 53 are amended. Claims 23, 51 and 52 are cancelled. The amendments add no 
new matter. 

Smtfmiwit of the substance of the in terview of November 18. 2003: 

Applicant thanks Examiner Shahnan Shah, her Primary Examiner, Rodney Swartz, and 
USPTO SPRE Dr. Brian Stanton for the telephone interview of November 18, 2003, with 
Applicants' representatives Diane Dobrea (reg # 48,578) and Pamela Docherty (Reg # 40.591), 
when the status of the application and issues relating to enablement and the scope of the claims 
were discussed. During the interview, Applicant's representatives were advised that (1) the 
application would not be abandoned, and (2) Applicants' request for reconsideration of the 
finality of the rejection of the last Office action was deemed to be persuasive, and therefore, the 
finality of the rejection would be withdrawn by the Patent Office and Applicant would be 
provided with an opportunity to provide further arguments and amendments in response to the 
prior office action and consistent with the interview discussion. 

Applicant has reviewed the Interview Summary form prepared by Examiners Shahnan 
Shah and Rodney Swartz, and Applicant concurs that the interview involved an in depth 
discussion of the scope of the claims and enablement thereof. Applicant concurs that the 
interview also involved discussion of references which support for the use of rabbits as an animal 
model for human Anthrax disease and metalloproteinase mutations to LF, 

Applicant has amended the claims of the present application consistent with the 
suggestions of the Examiners and SPRE Stanton during the interview of November 12, 2003, and 
subsequent discussions with the Examiners. Specifically, Applicant has amended the claims 
regarding recitation of the description of the polynucleotides and their products that comprise the 
immunogenic compositions. As requested by the Examiners and SPRE Stanton, Applicant has 
also submitted as exhibits to this Response and Amendment which include the following: 
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A Lethal Factor Active-Site Mutations Affect Catalytic Activity In Vitro S.E. 
Hammond and P,C. Hanna, Infection and Immunity 66: 2374-2378, 1998. 

B Klimpel, K.R., Arora, N., and S.H. Leppla, 1994, Anthrax toxin lethal factor 
contains a zinc metalloprotease consensus sequence which is required for lethal 
toxin activity. Mol. Microbiol. 13: 1093-1 1O0. 

C Zaucha GM, Pitt LM, Estep J, Ivins BE, Friedlander AM. Arch Pathol Lab Med. 
1998Nov;122(ll):982-92. 

References A and B, which were published prior to the filing of the present application, 
describe a variety of different LF mutations which alter or destroy metalloproteinase activity. 

Reference C, which was published prior to the filing of the present application, has been 
used by the FDA as the basis for accepting the rabbit as a model for human Anthrax disease. 

In view of the above-described amendments and supporting documents, reconsideration 
of claims 24, 26, 27, 31, 41,. 42, 45-50 and 53 is respectfully requested. It is submitted that 
claims 24, 26, 27, 31, 41, 42, 45-50 and 53 are now in condition for allowance, Prompt notice of 
such allowance is respectfully requested. 



Respectfully submitted, 





Diane H. Dobrea, Reg. No. 48,578 
(216) 622-8485 
Customer Number 24024 
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Lethal Factor Active-Site Mutations Affect Catalytic 

Activity In Vitro 

S. E. HAMMOND 1 and P. C. HANNA^ 2 * 
Department of Microbiology 1 and Department of Immunology* Duke University 
Medical Center, Durham, North Carolina 27710 

Received 26 June 1997/Returncd for modification 11 A^usi 1997/Accepicd 31 January 1998 

Tte lethfl i factor (LF) protein of Bacillus anthracis lethal toxin contains the themo^in-like «tlye-^nd 
m£« ^enU r^tif HEXXH (K. R. Klimpel, R Arora, and S. H. Uppla, Mol. 
U(W 1994)T LF is hypothesized to act as a Zn 1 * metalloprotease in the cytoplasm of macrophages, but no 
JroTeolSc actiVities h^ve been prions* shown on any target substrate. Here, synthetic pepUdcs are hydro- 
^ThWinTtr^ Mass spectroscopy and peptide sequencing of isolated cleavage products separated by 
Sr^^^ ^dicate thai LF ~ to prefer P^e-coutain^ sub- 

Xs S the consensus active-site residues completely abolish all inM 

7rfa^Zu does addition of UO-phenanthrolinc, EDTA, and certain amino acid hydroxamatos, inchid- 
S „1K P™^ 8 * inhibitors bestatm and lysine 

3£ on macrophages, did not block I* activity in vitro. These data 

provide the first direct evidence that LF may act as an endopeptidnse, 



Lethal toxin (LeTx) is a vital virulence factor of Bacillus 
anthracis and has been postulated lo act as a Zn 2+ protease 
mediating the fatal symptoms observed during anthrax infec- 
tions by hvperstimulation of host macrophage roflammatory 
pathways (5, 6, 8, 10). LeTfc is an A-B toxin comprised of two 
distinct proteins. Protective antigen (PA; 735 residues, 82.6 
XDa) serves as the B moiety, directing binding to cellular 
membrane receptors and translocation of its catalytic partners 
into the cytoplasm (5, 11). Lethal factor (LF; 776 residues, 90.2 
kDa) acts as the A moiety (5, 11). Evidence presented by 
Klimpel ei al. demonstrates that LF is a zmc-binding protein 
which contains the HEXXH motif in its anboxy-teimhial (ac- 
tivity) region at residues 686 to 690 (LF«6<^ga) (10). They 
hypothesized that LF requires zinc for activity and perhaps 
functions as a Zn 2+ -dcpendent protease, thus having functions 
similar to those ofc and having an active-site motif ra common 
with, the botulinum and tetanus neurotoxins, albeit with dif- 
fering cell tropisms, target substrates, and disease sequeliae 
(16), Here, we demonstrate ^specific, Zn 1+ -depcndent 
cleavage of synthetic peptides in vitro. These data, as well as 
those from protease inhibitor profiles, metal ion substitution 
studies, and mutational analysis of residues within LFga^rao 
that arrest activity, strongly support LF as demonstrating the 
activities of a Zn i+ -dependcnt neutral endoprotease. 

Anthrax toxin purification. LF, PA, and mutants were pu- 
rified either from B. anthracis Sterne or as recombinant pro- 
teins from Escherichia colt (6-8, 14). B. anthracis cultures were 
grown in denned RM toxin production medium (13). Culture 
supernaiants were sterilized by passage through a 0-22- p,m- 
pore-size niter (Millipore, Bedford, Mass.) and concentrated 
to 500 ml with the Minitan ultrafiltration system (MUlipore). 
Ammonium sulfate was added to 75%, and the protein pellet 
was collected and suspended in 20 mM Tris-HQ (pH 8.0) and 
dialyzed extensively against the same buITer. Very efi&cienl pu- 
rification was performed by MonoQ anion-exchange fast-per- 

- Corresponding author. Mailing address: Department of Microbi- 
olorry, Duke University Medical Center, Box 3020, Durham, NC 27710. 
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forraance liquid chromatography (FPLC) (Pbaruiacia Biotech, 
Piscataway, N J.). PA elutcd at 130 lo 140 mM NaCl, and LF 
cluted at 250 to 270 mM Nad The recombinant proteins 
expressed in pET15b are produced with an ammo-terminal 
hexa-histidine tag, allowing purification by FPLC affinity chro- 
matography on a HiTrap (Pharmacia Biotech) chelating col- 
umn. Cultures of E coU BLR(DE3)/pET15b-LF (or indicared 
LF mutants) were grown in Luria broth containing ampicillin 
(100 ng ml" 1 ) to an optical density at 600 nm of 0,7 to 1.0, and 
expression was induced by the addition of EPTG (isopropyUp- 
EHUnogalactopyranoside; 1 mM) for 12 h at 18*C Cell lysatcs 
were prepared by French press, cleared by centrifugation, and 
injected via FPLC (Pharmacia Biotech) onto a HiTrap column 
charged with Ni a+ . Recombinant histidine-tagged LF (wild 
type [wt] or mutant) elutcd at approximately 100 mM imida- 
zole. EJuted protein was further purified by gel filtration on a 
320-ml Sephacryl-200 FPLC column. By these methods, PA 
and LF were each determined to be 95 to 99% pure by sodium 
dodecyl sulfate-polyacrylamide gBl electrophoresis analysis. 
PA and LF proteins were assayed for cyloxicity activities by a 
standard 5I Cr release assay of a sensitive macrophage cell line 
(RAW 264,7 ATCC HB-71) (11, 13). Mutant proteins LF^^ 
JjjBgsoa jjtkg*>a and lfH6B6a+i-1690a were obtained from 

Kurt Klimpei (10) as direct mutants of wt anthrax LF. lf EGS7D 
was created as a recombinant mutant in£. coli BLR(DE3) by 
using the pBTtSb plasmid and purified as described above. 

Protease assay conditions. Oligopeptides were obtained 
from Sigma. The reaction buffer used was 25 mM potassium 
phosphate (pH 7.0) containing 20 \*M Zn$0 4 and 20 u-M 
CaCl* Each reaction mixture contained as indicated from 250 
uM to 1 mM substrate and 0.25 to 2.8 u-M enzyme (23 to 250 
u£/ml) in a final volume of 100 ul, After incubation at 37°C for 
3 to 24 h (as indicated), the reactions were quenched with 1 m-I 
of 10 M HC1 and the mixtures were injected onto a Cta HP 
Hypcrsil-octyldecyl silane column (100 by 4.6 mm, 120-A pore 
size, 5-^rn particle size) or a C 5 Rainin Microsorb-MV column 
(250 by 4.6 mm, 300-A pore size, 5-am particle size) with a 
Hewlett-Packard 1050 high-performance liquid chromatogra- 
phy (HFLC) system. The aqueous phase used with the Cm 
column was 25 mM phosphate buffer (pH 7.5) with 2% (vol/ 
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vol) methanol (MeOH) and 2% (vol/vol) leirahydrofuran, and 
the mobHc phase was 100% McOH. The aqueous phase used 
with tho column was 0.1% (vol/vol) trifluoroacecic acid 
(TFA) in water, and the mobile phase was 0.1% (vol/vol) TFA 
in acetcmitiile. Peptide peaks were detected by UV absorption 
at 215 and 274 nm. For further analysis by mass spectrometry 
or protein sequencing, peaks were collected as they eluted. For 
kinetic studies, reaction mixtures of 100 uM to 1 mM substrate 
wilh 250 nM UF were run at 25°C, Samples were injected into 
the HPLC at 3-h intervals. Velocities were then calculated by 
measuring the reduction of the starting substrate peak over 
time or by measuring the formation of product peaks over 
time. In inhibitor studies, enzyme and inhibitors were coincu- 
batcd at room temperature for I h before addition of substrate. 
For studies with chelating inhibitors, there was no addition of 
exogenous metals. Otherwise, the conditions were the same as 
those described above, For pH studies, 250 ng of UF was added 
to 500 uM substrate in a bufer of 25 mM phosphate with pHs 
ranging from 5.8 to 8.2. Phosphate buiTers were made from 
appropriate amounts of mono- and dibasic sodium phosphate. 
Reactions were analyzed after 4 h at 37°C as described above. 
Results indicated a pH optimum of approximately 6.75, with 
less than 5% activity at pH 55 (results not shown). Thus, the 
addition of HC1 to reaction mixtures was determined to be the 
best way to quench reactions before HPLC analysis. To create 
apo-enzyme (no bound metals), purified LF was dialyzed 
against 10 mM EDTA-1 mM 1,10-phenanthroline for 24 h at 
4 fl C The proteins were then diatyzed against 20 mM Tris (pH 
7.5) in ultrapure water (s=15 MO), for 24 b at 4°C, with four 
buffer changes. 

Peptide fragment analysis- Peptides purified by reverse- 
phase HPLC (RP-HPLC) were analyzed by timc-of-flight mass 
spectrometry. The mass spectrum was recorded by using nitro- 
cellulose targets (9) in an Applied Biosystems Bio-Ion pl&sma- 
desorption instrument. The spectrum was accumulated for 10 6 
fission events corresponding to approximately 10 min. Further 
details of the instrumentation and spectral analysis have been 
described elsewhere (19). Peptide analysis was kindly per^ 
formed by the Duke Comprehensive Cancer Center Facility, 
directed by Jan I Enghild. 

Hydrolysis of synthetic peptides. To directly assess whether 
LF is capable of endopeptidase activity, synthetic peptides (or 
p-nitroanilide-derivati2ed peptides) as well as a variety of pu- 
rified proteins were obtained as test substrates in an arbitrary 
manner. However, the lengths of the synthetic peptides ranged 
from 2 to 39 residues with efforts to vary both amino acid 
composition and primary sequence. The overwhelming major- 
ity of tbese substrates were not affected by LF in any discern- 
ible way, although they were cleaved by appropriate control 
proteases (e.g^ trypsin, pronase, thennorysin) (data not shown). 
A complete list of substrates tested in this study is available 
upon request. t r 

Sixteen oligopeptides 6 to 21 residues in length containing a 
large variety of amino acids were then obtained and assayed as 
LF substrates (Table 1). Results presented in Fig. 1 indicate LF 
cleavage of three peptides. Data illustrated in Ffg. 1A show 
significant hydrolysis of peptide 1 (with ELYENKPRRPYIL 
bydrolyzed into ELYENKPRRP and YIL) after incubation 
with LF. The k a JK m for this reaction was calculated to be 8.9 
s~ l M'V Peptide % FGFLPIYRRPAS, was bydrolyzed by LF 
into the major products FGFLP and IYRRPAS, as well as 
minor products FGF and LPIYRRFAS (Fig. IB). ThUUK^ 
for this reaction was calculated to be 29.4 5 M \ It is 
important to note that thi6 value reflects the consumption 
of substrate by both major and minor reactions. Peptide 3, 
1ARRHPVFL, was bydrolyzed by LF into the major products 
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TABLE 1. Peptide substrate* used to measure pro:case 

activity of anthrax LF _ 



Cleaved peptides" 



IARR/Hiym 

FGF/LP/TYRRPAS - . 
ELYENKPRRF/VTL 

YGGFLR/RI 

DRV/YIHP/FHU. 

ELAGAPPEPA — 

YFLFRPRN... — 

BGLPPRFKIPP 

LRRASLG 



... 50* 
... 29.4 

... 8.9 
... 5* 
... 03* 
... NR 

.... NR 
.... NR 
.... NR 
.... NR 
................. NR 



SYSMEHFRWG - - 

rVPFLGPLLGLLT..- - - xm 

gwtlqsaqyllgpnnffglm .. »». NR 

ESPUAKVXTIEPPIITPVRR — — NR 

HDMNKVLOL „ ~ «»- — — NR 

HLGLAfr - - - NR 

" A stash indicates a known deavage bit* as determined by mass spewrwncUy 
or peptide sequencing Peptides wete initially chosec at random uwtt the peptide 
FGFLPIYRRPAS was found to clcuv*. From then OA, peptides watte selected for 
ibeir potential 10 teact with UP. 

"An asterisk indicate* thai the k^JKn value estimated. NU, no reaction 
delected. Kinetic* vcre determined at 25*C with 500 jiM substrate and 23 ng of 
LF/mJ (250 nM), und values art averages of two CKpciimcnU. 



1ARRH? and YFL and the minor products IARR and 
H?YFL (Fig. 1C). Kinetics were not determined for peptide 3; 
however, the cleavage of peptide 3 occurs faster than that of 
either peptide 1 or peptide 2 and could have a k^J^ value 
greater than 50 s" 1 M" 1 . Unlike peptide 2, in which FGFLP 
is not split into FGF and LP, the peptide 3 major product 
IARRHP is hydrolyzed to 1ARR and HP. These three proteins 
have some sequence homology at their major cleavage sites, 
the most notable of which is proline at the new C terminus. 
The requirement for additional amino acids at Key positions is 
clear from peptides that contain proline hut show no signs of 
cleavage. Additionally, tyrosine is consistently present at or ad- 
jacent to the new N-terminal side of the cleavage site. Whether 
LF requires a tyrosine or simply a bulky uncharged residue is 
Still under investigation. Cleavage of peptide 4 (YGGFLRRI) 
into YGGFLR and RI is similar to the secondary cleavage of 
peptide 3, that is, IARRHP to IARR and HP, and occurs at 
approximately the same rate. Cleavage of peptide 5 (DRVYI 
HPFHL) occurs extremely slowly into the three products 
DRV, YIHP, and FHL. No evidence of possible intermediates 
DRVYIHP and YIHPFDL could be found. Due to the very 
poor nature of this substrate, drawing similarities between this 
reaction and the others, while possible, may lead to incorrect 
assumptions. 

The calculated reaction rates are considerably lower than 
what is normally seen in general metalloproteases such as 
thcrmolysin. This may not be unusual considering that tetanus 
and botulinum neurotoxins, zinc mctaUoprotcases with which 
LF has activo'Site homology, are unable to cleave small pep- 
tides corresponding to the cleavage sites of their targets. It has 
been hypothesized that three-dimensional struclure plays a 
more important a role in target specificity than linear amino 
acid sequence with these neurotoxins (16). It is possible that 
LF may recognize important structural elements of its target 
rather than primary sequence, and the relatively slow cleavage 
of these peptides may demonstrate LPs restriction of its ac- 
tive site to its pertinent cellular targets). Alternatively, in viyo 
conditions found within the macrophage may somehow modify 



PAGE 27/49 * RCVD AT 12/18/2003 6:12:43 PM [Eastern Standard Time] « SVR:USPTO-EFXRF-2/0 * DNIS:7465209 * CSID:2162410816 * DURATION (mm-ss):19-34 



DEC. 18. 2003 6:22PM CALFEE HALTER GRISWOLD NO. 2817 P. 28 



2376 NOTES 



1BOO- 
1400' 
1300 
120Q 
1100 
10DD 
9D0 
800 
700 
600 
500 
400 
SOO 
SOO 
100 
0 



ELYENKPBRPY1L 

I 



ELYENKPftRP 



YIL 



100 
00 

BO 5 
70 I 
- so / 

50 
40 
90 
20 
10 
D 



4 5 6 7 e ft 10 H IS 13 14 15 

Retention T1n» (minute*) 




I a io 12 
Retention Time (mbiutofO 



Infect. Immun. 



TABLE 2, Chelator and protease Inhibitor profil e cf anthrax LF 

Meial chelator 
or proteose inhibitor 

Metal chelators 
EDTA 
EDTA 
EGTA 

1,10-Fhenanthrolinc 

Protease inhibitors 
Alanine hydroxamate 
Axginlne hydraxamatc 
Glutamatc 'Y-hydroxumace 
Glycine hydroxaroate 
Isoleucine hydroxamare 
Leucine hydroxainate 
Phenylalanine hydraxamate 
Tyrosine hydraxaxnate 
ZINCOV 
Ajnasiaun 
Aprotinin 
L-Argmine 
Bestatin 
Calpeptin 
Capippril 
Lysine CMK 
Nitrobefitaon 
//-Succinyl-L-Prollne 
PMSF* 

Pbospboramidon 
Tosyl lysine CMK 
To$yl phenylalanine CMK 
TVifluoraoctyl LysPro 

Sodium dodecyl su lfate 

• A 500 nM conociurDtiOTi ol peptide 1 (ELYBNKPRUFYIL) wi* mbtcd with 
250 nM of LP mutant and allowed io react for 18 h at 3TC Samples were then 
analyzed on an HPLC as described in Materials and Methods The areas of the 
substrate ind produol peaks were measured and compared 10 thai of substrata 
controls. The resuha are overages of duplicate experiments. 

h FMSF, phcnytotttbylsulfanyl fluoride. 
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FIG 1 HPLC chition profiles of synthetic peptides cleaved by anthrax LP- 
The dashed line represents 500 tM subsirete alone *itnout LF, and the solid 
black line represents sutecr.ua plus LF. The gray line indicates percent mobOc 
ph»*e. AD reaction! occurred at pH 7.0 in 25 mM V^*£^^J£\ 
RP-HFLC eluuon profile of the reaction with peptide 1 (BLYBNKPRRPYIL) 
and 23 na of LF per ml after 18 h $TC The HPLC running- buffer confined 
25 mM ^tesav«phosplioW (pH 7.5), 2% McOH. and 2% teu^ofiiran. (B) 
Bitin profile of t* region with peptide 2 (FGFIJIYR^aS) and 250 ng of 
LF per Si after 4 b at 3VC The HPLC running buffer was 01% TFA to wtcr. 
Theraobfle phase was 0.1% TFA in acctoniiril* (Q Elmlon profile, of the 



UF to a more active form (e.g., phosphorylation and nicking, 
etc.). 

Inhibitor profiles. LF cleavage of peptides was completely 
inhibited by the addition of cither 1 mM 1,10-phcnanthrolinc 
or 10 mM EDTA, both of which chelate zinc CTabie 2). Activity 
was partially inhibited by 5 uM EGTA. This indicates that 
certain racial ions are essential for LF Activity in vitro. LF that 
was cleared of metals through dialysis with EDTA and phenan- 
throlinc (see Materials and Methods) showed no propensity to 
cleave peptides. As individual metals are added back to LF, it 
is clear that both zinc and calcium are essential for full 
protease activity (Fig. 2). Additionally, specific amino acid 
hydroxamatcs, selective inhibitors of zinc metalloproteases, 
have been shown to inhibit LF both in vitro and in vivo. Arnino 
acid hydroxamates are reversible inhibitors that fit the en- 
zyme's active site while chelating the 2iinc ion (3). Tyrosine 
and leucine hydroxamate showed the best in vitro inhibition 
with 50% inhibitory concentrations of approximately 300 and 
350 pM, respectively. Additionally, ZINCOV, a novel hydrox- 



reacdon whh peptide 3 (IARRHPYFL) and 250 dh of LF per ml after 90 nun « 
37>C, The HPLC running buffer was 0.19& TFA in wPWf- The mobila phase wai 
0.1% TFA in acctomtrile. All reactions were monitored by UV absorption ai 215 
nm (ace text for more dctpU?)- Toe HPLC flow rate was 1& ral/min. These results 
arc typiral examples of experiments repeated many times. 
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Mertal(ll) Ions (100 uM each) 
FIG. 2. In tfuo proteose activity of me&Jrfaconrarated amhm LF. Cjp- 
rwrfcon of the oxvas of the major product peaks (see Fig, lA,^lAbclcd ELY 
ENKPRRP) created from the reaction *ilh peptide 1 (ELYENKPRRPYIL) and 
LF- Reaction* of 50 ng of LP per ml wiih 1 mM ELYENKP R RPYIL occurred 
at pH 7 0 in 25 mM potassium phosphate buffer confining a 100 u,M concen- 
tration of the indicated ractat(«). Reactions wert monitored « dascribed in the 
text. All meialH were chloride salts, except for zinc and oiekal which were sulfate 
salts, After 9 h at 37'C, reaction mixtures were injected into the HPLC It is 
Important 10 note that the first throe columns indicate the need for both zinc una 
calcium ion* for full cutolysi*. No reaction was ever observed in the absence of 
metals, or with calcium alone, cobalt alone, magnesium alone, manganese alone, 
or nickel alone. The fastest reaction consistently was that in which only zinc ?md 
calcium were pdded. These results ate an average of wo experiment- 



amate, inhibits LF in vitro protease activity at 350 \iM and 
completely protects macrophages in vivo at a concentration of 
500 M.M (in vivo data not shown). The ability of hydroxamates 
to inhibit LF supports LF having zinc melalloprotcase activity. 
Further, the specific ability of tyrosine and leucine hydrox- 
amates to inhibit LF may implicate these amino acids as im- 
portant for active site binding- Previously, relatively high con- 
centrations (200 fxM) of the protease inhibitOTS bestatin and 
lysine CMK wore shown to protect cultured macrophages from 
lysis by anthrax LeTx (10). In contrast, bestatin and lysine 
CMK did not inhibit in vitro LF proteolysis of peptides 1 and 
2 at concentrations ranging from 50 j*-M to 1 mM (Table 2), 
suggesting that the protective effect of these inhibitors ob- 
served with LF-challcnged cultured cells might not be due to 
direct inhibition of the toxin's enzymatic activity but tether to 
some other event in the cytolytic cascade. As an example of this 
phenomenon, in hpopolysacriaridc-stimulated monocytes, in- 
hibitors of metalloproteases were observed to block matura- 
tion and release of shock-inducing cytokines (15). It is possible 
that bestatin and lysine CMK inhibit an event downstream 
from initial target cleavage by LF. Other classes of protease 
inhibitors, such as phenylmeihylsulfonyl fluoride, /v^succbryl-L- 
proline, tosyl lysine CMK, tosyl phenylalanine CMK, and ni- 
trobestatin, did not inhibit LF activity in vitro (Table 2). 

Active-site mutations. Amino acid substitutions in LF 6S6 _ 6Q0 
(the HEXXH motif) were previously shown to be incapable of 
killing cultured macrophages, suggesting that this region is 
important for cytotoxicity and perhaps is involved in catalytic 
function (10). To determine whether this consensus tbermoly- 
sin-like active-site motif may be directly involved with cleavage 
of peptides, and to ensure that all hydrolytic activities observed 
in our assays are specific to LF, amino acid substitutions in 
"W«9Q were tested for the ability io 
2. Mutant toxin molecules assayed were LF 000 ' 1 -, LF 
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Lpii686A LpHssoA jj;H66$a+h69oa fhe recombinant mu- 
tants proteins were purified as stable, full-length molecules as 
determined by sodium dodecyl sulfate-poryacrylamide gel elec- 
trophoresis and immunoblot analysis with high-tiler polyclonal 
antitoxin. All histidinc mutants were found to have decreased 
zinc binding as compared to that of wt LF and were unable to 
kill macrophages in LcTx assays (10; also data not shown). All 
mutants were mixed individually wivb peptide 1, % or 3 to 
determine hydrolytic activity. No significant reduction in sub- 
strate concentration or generation of cleavage product was 
observed by RP-HPLC even after 18 h at 37 6 C (Table 3). This 
indicates that LF H<ia6 and LF** 690 are important residues for 
both Zr> 3+ binding and catalysis as well as cytotoxicity. The 
rjpE6B7c fl^tant was found to bind zinc at a level equal to that 
of wt LF yet was also unable to kill cultured cells in LcTx assays 
(10; also data not shown). However, as with the histidine mu- 
tants, LF 86 ^ showed no observable cleavage of peptide 1 
even after incubation for 18 h at 37°C (Table 3). Additionally, 
work with our mutant LF E6B7D showed no ability to cleave 
peptides in vitro, even at a very high concentration of enzyme. 
This mutant was also unable to kill macrophages in vivo (data 
not shown). This indicates that LF 5687 is important for cyto- 
toxicity and catalysis but not for Zn 2+ binding, Importantly, 
the loss of hydrolytic activities associated with point mutations 
in the active-site region acts as a control for assignment of 
hydrolytic functions to LF and not to some undefined contam- 
inating protease. , . t 

There were Other supporting data for all activities being 
specific to LF, namely, that LF purified from the supernatant 
of A anthracis and recombinant LF purified from K coli- 
soluble extract maintain identical substrate specificities and 
kinetics (data not shown). For these reasons, it is clear that the 
observed proteolytic activity is exclusively a property of LF, not 
of contaminating proteases. 

Near the center of the primary ammo acid sequence of LF 
(residues 315 to 416) are five homologous repeats, each 19 
amino acids long (Fig. 3). These repeats wore first investigated 
by Qumn et al (18), who discovered that dipepude insertions 
into this region resulted in unstable gene products. Recently, 
these repeats were proposed to form an EF-hand calcium 
binding motif (17a; motif reviewed in reference 17) through 
alignments with sequences of other EF-hand-containing pro- 
teins, such as paralbumin, and an EF-hand consensus se- 
quence (reviewed in reference 17). The results of current inetal 
ion reconstitution experiments are in agreement with this EF- 



TABLE 3. Proteolytic activity of anthrax LF mutants 



% Cleavage Ot 
peptide i - 



LF (wt). 

LF (recombinant) .. 
r pKdtfoA t 

lf 1 *^ !Z! 

U^BTTD 

B$A e ...„ 

Trypsin . ... 

Pronasc 



$5.9 
811 
3.4 
3.2 

, 3.0 
2.4 

. 0 
0 

, 100 
,100 



■ A 500 u,M concentration of peptide 1 (ELYENKFRRFYtt,) was mixed with 
23 ng (250 nM) of enzyme and allowed io react for 18 h at 3TC, Simples were 
analyzed on an HPLC as described in Material* and Methods. The areas of the 
substrate and products peak; were measured arid compared to that of substrate 
controls (no en^me). The result arc average* ot duplicate experiments. 

* B5A, bovine serum albumin. 
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Zd** Binding 



•XFn" 



4j<J 

2 EF-Hand Motifs 



HEjdcH Prottate Modf 



HO, 3. KnOu/n LP domains. The first 255 amino acids arc involved In binding 
to PA, and this region has been tenned LFn. This region has a high degree of 
homology to the first 255 amino acids of anthrax edema factor, which also binds 
PA, Residues 315 to 416 contain five repeat regions that follow (ha consensus 
sequence for two EF-hand Olcium-bindtfg motifs calmodulin). Residues 
£86 to 690 contain a thcrniolyain-likc zinc mctalloprotcose motif HEXXH. Ad- 
ditionally, residues 745 U> 749 (HSTDH), which are (rmilii 1 to tho Inverted zinc 
mctaUoproicaic motif HXXEH (eg,, imulin-degradinrj enzyme), could poten- 
tially uct its mother tine f'te, either siructuml fta^reiatle. 



hand hypothesis and clearly indicate the need for calcium as 
well as the catalytic zinc to achieve maximum catalysis. EF- 
hand motifs axe the most common calcium binding motifs 
which are involved mainly in regulation (e.g., calmodulin) and 
calcium buffering (e.g., parvalbumiD) (2). However, only a few 
EF-hand motifs have been found in prolcaryotes, caierythrio 
being the only well-documented example (1). For this reason, 
gene transfer has been suggested for the existence of EF-hand 
motifs in prokaryotcs (2)T Since LF is likely to contain an 
EF-band motif and since gene transfer of bacterial toxins has 
been a popular hypothesis, especially of ADP-ribosylation tox- 
ins (18), it is inviting to suggest that gene transfer is involved 
with LF. A curious coincidence is that edema factor, an ade- 
nylate cyclase that serves as another A domain in anthrax toxin, 
requires, as a cofactor, calmodulin, an EF-hand-containing 
protein (12), 

B, anthracis LeTx is the major virulence factor responsible 
for symptoms associated with systemic antJbrax (reviewed in 
references 5 and 11). Although LF, through its association with 
PA! can bind to and enter the cytoplasm of most cells tested, 
only macrophages seem to be affected (4). In macrophages, LF 
induces hyperstimulation of the oxidative burst, expression of 
proinflammatory cytokines turoor necrosis factor alpha and 
interlcukin lp, and cytOlysis (6, 5). The release of these potent 
host mediators are responsible for the dramatic hypotension, 
shock, and death of the victim (6, 8, 11). It is interesting to 
Speculate that the proteolytic activities associated with LF 
cleave some cytoplasmic protein responsible for regulation of 
macrophage inflammatory processes. The exact nature of per- 
tinent cellular LF targets and whether proline specificity is 
maintained within these targets remain to be determined. 

Wc arc grateful to Sylvia Hill for providing expert technical assis- 
tance and to Carlo Peiosa, Terry Dixon, and John Ireland for useful 
discussions. 
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The Pathology of Experimental Anthrax in Rabbits 
Exposed by Inhalation and Subcutaneous Inoculation 

Gary M Zaucto, WW H Lot** M. I* «» ^ «* *» £ Wfl * P * 0; * WD 



• Ottwtfve.-Althoudi rhesus monkeys aw considered to 
be anapp«)priate model for fnhabtional anthrax wi hu- 
man* an alternative for vaccine and therapeutic efficacy 
studies i» desirable. This study characterized tht pathology 
of lethal anthrax in rabWts dialtenged by subcutaneoui In- 
oculation and aerosol exposure. 

Afeferfefe and Afetftafe— New Zealand white rabbife 
were exposed by subcutaneous inoculation or aerosol to 
lethal doses of BidlH* anthncb spores- 

tau/fr— the pathology of anthrax in rabbits exposed by 
either route was similar, with ttincipal findings occurring 
in the spleen, lymph node*, lungs, ^trointetlinal tract, 
and adrenal rfands. The cardinal dwnges were honor- 
rfusp, edema, and necrosis, with bacilli and limited leu- 
korSlic mflltration. Features that depended on Ac route of 
exposure included mediwtinitis in aerosolMMposed rabbits, 
a primary dermal lesion after subcwtene^inDCidauon, 
and differences in the pattern of lymph node involvement 
Lesions observed b rabbits were comparable to those of 

Anthrax, caused by the araii^posUlve, spoi^fonning 
bacterium Bucilhti tmtmtcis* primarily a disease of 
domestic terbivures, but it also occurs In humans as an 
infrequent soonosifc typically acquired from contact with 
contaminated wool hides, or meat. The three major forms 
of the human disease— cutaneous, inhalalional, and gas- 
trointestinal—reflect the route of entry of spores, which 
can occur through intradermal inoculation, inhalation, or 
ingestion, respectively.' Each form of the disease can prog- 
ress to fatal systemic anthrax. 

B. jmthrasb has long been recognized * & potential bi- 
ological warfare or terrorist threat agent, and recent events 
in the IVrsian Gulf haw further emphasized the need to 
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inhalational anthrax in humans and rhesus monkeys* Note- 
worthy differences included the lack of leukocytic infiltra- 
tion in brain and meningeal lesions, the restively mild [me- 
diastinal lesions, and a lower incidence of anthrax-related 
pneumonia to rabbits compared with humans. These dif- 
ferences may be attributed to the greater .susceptibility of 
rabbits to anthrax. Increased susceptibility is associated 
with both reduced leukocytic response to the bacilli and a 
more rapid progression to death, which further limits de- 
velopment of leukocytic infiltrates in response to the basic 
lesions of hemorrhage and necrosis. Primary pneumonic 
foci of inhalation*! anthrax, which may be Influenced by 
preexisting pulmonary lesions in humans, were not ob- 
served in our rabbits, which were free of preexisting pul- 
monary disease. f 

Condition.— Anthrax in rtbbits may provide a useful 
model for evaluating prophylaxis and therapy against m- 
halational anthrax in humans. 

{Arch Pathol lab Med. 1998;1 22:982-9*2) 

develop adequate counter measure* against Inhalational 
anthrax as a weapon of mass destruction « Depending on 
both proximity to an effective delivery system and envi- 
ronmental factors affecting dispersal of the spores, the po- 
tential exlsU for high-dose inhalational exposure under 
such a scenario. During the past several years, consider- 
able researifc has been devoted io the development of pre- 
exposure and postexposure anthrax prophylaxis by ex- 
perimental human anthrax vaccines and antibiotic regi* 
mens. 1 - 4 -" The majority of these efforts use rhesus mon- 
keys or guinea pigs as the animal models of choice for 
efficacy studies. In addition, the Food and Drug Admin- 
istration (FDA) requires the guinea pig potency test before 
release of each lot of the human anthrax vaccine adsorbed 
currently licensed for use in the United States (21 CFR 
620,23). As animal models, however, rhesus monkeys and 
guinea pigs have a number of disadvantages. Although 
rhesus monkeys are considered to be an appropriate mod- 
el for inhalational anthrax in humans,'*" nonhuman pri- 
mate use is beset by practical considerations, including the 
monetary investment in individual animals, intensive hus- 
bandry requirements^ and safety issues incident to han- 
dling of *e animals. Recent studies indicate that guinea 
pigs are not an accurate predictor of vaccine efficacy in 
nonhuman primates.** 40 Guinea pigs, in contrast to rhe- 
sus monkeys, are difficult to protect by irnmunizatlon 
with anthrax vaccine adsorbed and they exhibit consid- 
erable variation in survivft! after subsequent diallenge by 
virulent strains of B. anihrocis. An alternative is needed for 
Exp&imnntai Anthta* in RaMw'ri— Zaucha el al 
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efficacy studies against inhalAtfonal anthrax. Since inhal- 
ational anthrax in humana is virtually 100% fatal artf 
treatment is rarely successful an animal model that is 
highly sensitive to lethal infection wa* deemed most ap- 
propriate. 

Initial studies were conducted to define the subcuta- 
neous and aerosol median lethal doses (LD a ) for 
thrads spores of the Ames strain m rabbits. Subsequent 
studies were performed to determine the efficacy or an- 
thrax vaccine adsorbed and alternative vaccine candidates 
against anthrax induced in rabbits by inhalation or iub» 
cutaneous exposure. Preliminary data suggest that rabbits 
are similar to rranhuman primates in their ability to be 
protected by the current PDA-licensed human vaccine 
Near-100% protection against lethal aerosol challenge was 
achieved with use of an abbreviated vaccination schedule 
in both species (M.L.M.R, unpublished data, 1996> Given 
preliminary evidence that the human anthrax vaccine ap- 
pears to be efficacious against inhalations! anthrax in rab- 
bits, and in the Interest of validating efficacy trials con- 
ducted in rabbits, we sought to determine how well the 
disease partem in the animal model as reflected by the 
terminal pathology, approximates the disease in humans. 
In this article, we describe the terminal pathology of lethal 
experimental anthrax developed in rabbits used in LD^ 
and prdlrrunary vaccine efficacy studies, and we compare 
these findings to those for inhalational anthrax in humans. 

MATERIALS AND METHODS 
Animals 

Necropsy specimens were obtained from lethalty infected, 
nDnvacdruted, male and female New Zealand white rabbit* 
{OrycVlagus cumcrtus) that had died afotf subcutaneous inocu- 
lation with [}9 rabbits) or eeosol exposure to <22 rabbits) B. sn- 
thraex spores of the Ames strain (Table 1). Animate were ob- 
served for survival at leas* twice daily during the daylight phase 
of the photoperiod, for 21 to 28 days after exposure. Rabbit* were 
identified by cage card and/or by nuhcutaneouftly implanted mi- 
crochips and were housed individually in stainless steel rabbit 
cures in a facility fully accredited by the Association for Assess- 
ment arid Accreditation of Laboratory Animal Care International 
Rabbits were fed once daily with commercial rabbit chow. Tap 
water was provided ad libitum. 

Spore Preparation 

The virulent Ames strain Of ?, fi^hruds was obtained from the 
US Department of Agriculture, Ames, Id. U was grown in Leigh* 
ton-Doi medium, and spares were harvested aiuf washed In ster- 
ile distilled water ai described elsewhere, 4 The epores were pu- 
rified by cenfcruugatfon through 58% RenOgrafin-76, washed 
again, ^suspended In 1% phenol and stored at 4*C 

For subcutaneous inoculation, spores were suspended in sterile 
water for injection and then heat shocked at 6CTC for i3 minutes, 
Appropriate dilutions were prepared, to achieve the desired dose 
ofspores In a final volume of 0,5 tnL/dose, Spore dilutions were 
held on ice until administered. Actual 6pore Counts in the inoc- 
ulum were verified by quantitative bacteriM culture. Rabbits were 
inoculated with OJB ml of ihe material (dose range, 43 to US6 x 
10* eolony-Jbnrting unto (CPU); subcutaneous LOg * 1.56 x lO> 
CPU subcutaneous lethal dose,, (U>») « 183 X 10* CFU) in mo 
dorsal interscapular region. 

For aerosol exposure, Spores were suspended to appropriate 
starting concentrations in sterile water for Injection, and were 
then heat shocked at «TC for 45 minutes. Eight-miltlHier aliquot* 
of appropriate dilutions of spores were used for Aerosol exposure, 
with a 3-)et Collieon nebulizer with a head-oiuy box and muzzle* 
only exposure used «6 described elsewhere, MVS The concentra- 
tion of spores in the aerosol (sampled in water In an all-glass 
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Tabic 1. Anthrax in RabbiU: Exposure and Survival 
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* CPU Indicates colony-forming units. . 
t LD W indicates median lethal dose. 

* 5 indexes subcutaneous; A, aerosol. 

impinfcer) and the aerosol-inhaled dose were detirmired as de- 
scribed elsewhere LK1S The aerosol-inhaled dose ranged from 
834 X 10 4 to 1.03 x 107 CPU 0, anthnas (aerosol LD„ * 1.05 X 
10* CPU; aerosol LD M 136 X 10 s CFU). 

Necropsy 

A complete necropsy was performed on each animal included 
in the pathology study. Cross findings were recorded and ihe 
inddence of each finding was tabulated, Representative tissue 
speomens were selected and Immersion-fixed in 10% neutral buf- 
fered- formalin. Immediately before immersion fixation, lungi 
were inflated with 10% neutral buffered formalin. 

Hiitopathology 

Rffmahn-f«ed HSW spe«mens were processed and embed- 
ded in paraffin (TisauaPrep, Fisher Sdentific Pair Lawn, NJ) ac- 
cording to established procedures. 1 * Histology sections were cut 
at 5 to 6 |«n and stained with Karris' hematoxylin^eosin. Selected 
tissues were stained with Gram and Gisnsa stains. Hiatopatho- 
lOgic findings were determined by routine light microscopy. Each 
finding, such as edema, hemorrhage* necrosis, and inflammation, 
was graded mdividttalry on a severity scale of 1 (minimal) to 5 
(severe) on the basis of estimates of distribution and extent of 
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Table* Anthrax in Itibbitt:^^ 

^mtc PsrhiUonc Ftndino* bv Route Of Exposure 
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* HEM indiCaiO* hemorrhage! ED, edema, 



involvement within examined actions. The incidence 0/ involve- 
ment (or each organ or ti&ue was determined as me number of 
animals that had one ot more of the principal histologic findings 
attributable to anthrax in mil tteue. The severity index was cal- 
culated HI the sum of severity acorn for individual finding* In 
an organ, divided by the number of animals in which that organ 
was examined histologically. 

RESULTS 
Clinical Observation* 

Rabbits included in the pathology study dfcd 2 to 4 days 
after exposure to 9. anthrads Spores, with mean survival 
times of 2.9 days and 2.4 days for surjeutaneously inocu- 
lated and aerosoV^exposed rabbits, respectively. Although 
there was a ttend for decreased survival time with increas- 
ing dose, the effect waft minima! (Table 1), Fulminant dis- 
ease Appeared to be an all-or-none response, and no pro- 
traded illness was observed, regardless of the dose. Clin- 
ical signs were not generally apparent until within 24 
hours of death, at which time rabbits became progressive- 
ly lethargic and weak. Several rabbits, later found to have 
brain or meningeal lesions, exhibited brief periods of ex- 
citation and hyperactivity within hours or minutes before 
death. 

Gross Pathologic Findings 

In general gross Gndings were similar, regardless of the 
route of infection. The most significant alterations oc- 
curred in the lymph nodes, spleens, hongs, adrenal glands, 
and gastrointestinal tracts Of both groups of rabbita (Table 
2), Hemorrhage and edema were the most prevalent 
changes within affected tissues. The most readily appar- 
ent deferences between the two groups occurred In the 
pattern of lymph node involvement, in alterations at the 
dorsal scapular site of juibcutaneous inoculation, and in 
changes at the axillary region of subcutaneously inoculat- 
ed rabbits. 

In subcutaneously inoculated rabbits, axillary lymph 
node involvement predominated, whereas mandibular 
lymph node involvement was most apparent in aerosol- 
exposed rabbits, Affected lymph nodes varied from mild- 
sac Arch Pathol Uh MeO— Vol 1 22, November 1 998 



]y reddened to frankly hemorrhagic. Mediastinal nodes 
were obscured by Adipose tissue and generally were not 
examined grossly. In the majority of rabbits, the spleen 
was dark red, was congested, was enlarged up to three 
times normal size, and had rounded edges. Petechiae and 
ecchymoses were comzrionly visible through the serosal 
Surface of the sacculua rotundus arul cecal appendix in 
both group/ with increased frequency among subcuta- 
neously inoculated rabbits. Hemorrhage/ also commonly 
observed in the adrenal glands and ovaries of rabbits in 
both groups, occurred less frequently In the Fever's patch- 
es of the ileum, lungs, and meninges of the brain. The 
lungB of approximately 40% of rabbits in each group ex- 
hibited a lobular pattern of dark red mottling due to con- 
gestion and edema throughout all lung lobes. Hvdro tho- 
rax and mediastinal hemorrhage were observed In only 2 
and 1 of 21 aerosol-exposed rabbits,, respectively, and were 
absent in subcutaneou&ly Inoculated rabbits, in all sub- 
cutaneously Inoculated rabbits, the site of inoculation was 
thickened by dermal and subcutaneous edema, commonly 
accompanied by hemorrhage. Edema was frequently evi- 
dent in the axillae of subcutaneously inoculated rabbits, 
as a gelatinous thickening of subcutaneous tissues. Edema 
of the ventral cervical to submandibular region was ob- 
served in fewer than 20% of the arumala in both groups. 
In a small number of rabbits from each group, the mucosal 
surface of the stomach was mildly thickened by scattered 
fod of edema, up to 1 cm in diameter, with central hem- 
orrhage. Multifocal petechiae occurred in the renal cortex 
of 1 aerosol-exposed rabbit In addition to the changes 
noted above, all rabbits exhibited congestion of multiple 
organs. 

Histopathologic finding 

A summary of incidence and relative severity of the 
principal histopathologic findings is presented in Table 3. 
After subcutaneous inoculation with or aerosol exposure 
to B. (inthraris spores, the most consistent histopathologic 
findings occurred in lymphoid tissues, including the 
lymph nodes, spleen, and gut-associated lymphoid tissues 
of the sacculua rotundus and cecal appendix. 

Lymph node lesions generally presented as hemorrhag- 
ic lymphadenitis (Figures 1 and 1\ The principal morpho- 
logic features were lymphoid necrosis and depletion, ba- 
cilli within sinuses and depleted cortical and paracortical 
areas, hemorrhage, fibrinoid necrosis of vessels, edema, 
and variable infiltration by heterophils. Tn more-severely 
affected lymph nodes, the normal architecture was nearly 
obliterated by necrosis and hemonhage. Although the 
morphologic characteristics of lymph node lesions were 
essentially the same In both groups of rabbits, the pattern 
of lymph node invc4vement and the relative severity of 
lesions depended on the route of exposure. Mediastinal 
nodes were the most frequently affected lymph nodes in 
both groups of rabbits; however, the mean lesion severity 
was greater for aerosol-exposed rabbits. Axillary node in- 
volvement occurred with greater incidence and severity 
among subcutaneously inoculated rabbits, whereas sub- 
mandibular node involvement was more prominent 
among those exposed by aerosol Mesenteric node involve- 
ment was similar between the two groups. 

Acute fibrinous splenitis, seen in all rabbits, was char- 
acterized by numerous heterophils, extremely large num- 
bers of bacilli, and fibrin deposition throughout the red 
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Table 3. Anthrax in Rabbit* Principal Histopathologic Findings by Route of ftcposure 
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♦ NEC Indicate* necrosis; INF, Inflammation; HEM, h^moitlidfie; ED, edema; AlV, alveolar flooding; CON, congestion; LEUK, leukocytosis; FIB, 
fibrin; and SAC bidllemia. 

t IN Indicates Incidence (number of rabbits with one ot more of the finding* lined for an orgajv divided by the number of rabbit* in which Ihe 
organ was examined histologically); St, severity index (sum of ihe lesion savwlry ran*, divided by n); NG, not graded; and NA, noi applicable. 



pulp; necrosis and depletion of the white pulp; multifocal 
hemorrhage; and diffuse congestion (Figure 3), 

Lesion* within other lymphoid tissues were comparable 
between the two groups, although a slight reduction In 
incidence and severity of changes m the saccular rotundu? 
and cecal appendix occurted after aerosol exposure. 
Changes in lymphoid follicles of the saccuhis rotundus 
and cecal appendix (Figure 4) were similar to those oc- 
curring in lymph nodes. Fever's patches of the ileum were 
also similarly affected, although with decreased incidence 
and severity. Changes in the thymus were relatively mild 
and included small scattered fed of lymphoid necrosis 
and depletion, with bacilli edema, and minimal to mild 
hemorrhage. Necrosis of bronchus-assodated lymphoid 
tissue occurred in 1 rabbit in each group. 

We observed significant pulmonary changes in both 
groups of rabbits, and— with ihe exceptions of interstitial 
pneumonia in 2 of 22 aerosol- exposed rabbits and pleu- 
ritia in 1 of 19 subcutaneously inoculated rabbits-~these 
changes were tha same between the two group*. Typically; 
there was distention of alveolar capillaries by congestion 
and large numbers of bacilli, large masses of bacilli en- 
meshed in fibrin within larger pulmonary vessels, inter- 
stitial edema, flooding of alveolar spaces by eosinophilic 
edema fluid and nunlmal to mild perivascular and peri- 
bronchiolar infiltrates of heterophils (Figure 5). Pulmonary 
hemorrhage was confirmed histologically in 1 aerosol-ex- 
posed rabbit but was not found in any subcutaneausly 
inoculated rabbits. Acute btterstitial pneumonia occurred 
in 2 of the 22 aerosol-exposed rabbits but in none of the 
subcutaneously inoculated rabbits. In the rabbits wiih 

Sieumonia, alveolar septa were mildly thickened by in- 
trates of heterophils, in addition to the typical pulmo- 
nary changes noted above* Acute pieurins, observed in 
only l subcutaneously inoculated rabbit was character- 
ized by mild expansion of the visceral pleura by infiltrates 
of heterophils, bacilli, and edema. 
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Acute mediastinitis was observed occasionally In aero- 
sol-exposed rabbits and when present; was always accom- 
panied by severe changes within associated mediastinal 
lymph nodes (Figure 6). In the most severely affected an- 
imals, mere was Infiltration of mediastinal connective tis- 
sues by moderate numbers of heterophils, with hemor- 
rhage, fibrin, edema* and bacilli. We occasionally noted 
edema, hemorrhage, and bacilli within tissues immediate- 
ly surrounding affected lymph nodes of subcutaneously 
inoculated rabbits, but changes limited to the lymph node 
capsule Without extension into suiioirnding nbroadipose 
tissue, as was seen in aexosd»exposed rabbits, were not 
considered sufficient to warrant a diagnosis of mediasti- 
nitis. 

Hemorrhage occurred in multiple tissues, in addition to 
those described above, in both groups of rabbits. Hemor- 
rhages were not arampanied by hemosiderosis or inflam- 
mation, although fibrinoid vascular necrosis was occasion- 
airy present fiie adrenal cortex, renal cortical tubules 
and /or glomeruli, ovaries, and subcutaneous inoculation 
site were Frequently affected. Within the kidneys glomer- 
ular capillaries were often distended by masses of bacilli. 
Multifocal hemorrhages into urinlferous spaces appeared 
to have drained into associated renal tubules, which con- 
tained blood and small numbers of bacilli and were lined 
by degenerate to necrotic epithelial cells (Figure 7). Spo- 
radic hemorrhagic foci were present in numerous Other 
tissues, including the neuropu, meninges, and ventricles 
of the brain (Figure 8); superficial gastric mucosa; ocular 
structures (ciliary body, iris, and optic nerve); and myo- 
cardium. 

Within the femoral bone marrow, thare were smaQ fod 
of depletion of hematopoietic dements with infiltration by 
low numbers of heterophils and aggregates of bacilli (Fig- 
ure 9). In addition to the rabbits with myelitis, 1 rabbit in 
each group exhibited aggregates of bacilli in the marrow, 
without an apparent leukocytic response, 
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All animals in both group* developed badlkmla, intra- 
vascular aggregates of fibrin, congestion of multiple or- 
gans, and peripheral heterophil^ leukocytosis. The pat- 
tern of organ involvement was the same, regard!** of the 
route of exposure: We observed variable numbers of ba- 
cilli, often enmeshed in fibrin, within the vasculature of 
nearly all tissues examined. We saw increased numbers of 
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circulating heterophils, including immature Stages and oc- 
casional mitotic figures, in many tissues, which wc inter- 
preted as peripheral heterophil* leukocytosis with a left 
shift (Figure 10). 

Acute dermatitis and/or panniculitis was a consistent 
feature at the inoculation sites (Figure 11). Lesions were 
characterized by infiltration of the dermis and panruculUfl 
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by large numbers of heterophils, numerous bacilli, marked 
expansion of the dermis and panniculus by edema, mul- 
tifocal hemorrhage and necrosis, occasional fibrinoid ne- 
crosis of the vasculature; and rare thrombosis- Epidermal 
veslcularion, ulceration, and eschar formation characteris- 
tic of cutaneous anthrax in humans were not observed. 

COMMENT 

Similarities in the pathology of inhalationaJ anthrax in 
rabbits, humans, and rhesus monkeys were readily aj> 
parent Subcutaneous exposure of rabbits also resulted in 
rapidly fatal septicemic disease, lather than the character- 
istic skin lesions and low mortality typical of cutaneous 
anthrax in humans. In rabbits exposed by either route the 
most pathologically significant and consistent findings OC- 
currea in the spleen, lymph nodes, lungs, gastrointestinal 
tract, and adrenal glands. Additional lesions occurred in 
the mediastinum (aerosol exposure only), brain, bone 
marrow, kidney, thymus, heart an <* ovaries. Lesions were 
necrotizing and hemorrhagic, generally accompanied by 
little local leukocytic response. The lesions of inhaktional 
anthrax in humans are also characterized as hemorrhagic 
to necrohemorrhagic, with little cellular inflammatory re* 
sponge." 11 The spleen, lymph nodes, mediastinum, lungs, 
gastrointestinal tract and brain are principal sites of in- 
volvement. 1 "*-* Rhesus monkeys inoculated intradcrmal- 
ly or exposed to aerosolized spores of fl, anthracis also 
develop necrotizing and hemorrhagic lesions similar to 
those seen in our rabbits. 12 - 27 - 19 

With few exceptions, the pathology of lethal infection 
by the Ames strain of B> antiirach in rabbits was the same 
whether animals were exposed subcutaneously or by 
aerosol Except for the presence of a primary dermal lesion 
after subcutaneous inoculation and the lade of a corre- 
sponding primary pneumonic focus after aerosol expo- 
sure the pathogenesis of anthrax induced by either route 
appears similar, Jtass" demonstrated that after inhalation- 
al exposure, spores are taken up by alveolar macrophages 
for transport ny way of lymphatics, to intrathoracic lymph 
nodes, Infection begins with proliferation of the organisms 
in the lymph nodes rather than as a primary focus In the 
hmgs, thus explaining the rarity of pneumonia after aero- 
sol exposure. Studies by Lincoln et aP> further demonstrat- 
ed the role of lymphatics and intrathoracic lymph nodes 
in the establishment of systemic inhAlational anthrax. The 
appearance of organisms in the lyrrcphatk* draining the 
lungs and the establishment of infection in the mtrathor- 
jeic lymph nodes always precedes the development of ba- 
dllernia after aerosol exposure, As the phagocytic capacity 
)f the lymph node is wenvhelmed, vegetative organisms 
oass through efferent lymphatics, infect successive nodes, 
ind ultimately enter the blood stream through the thoracic 
iuct. Lincoln et aP' demonstrated a similar sequence of 
ivents In the establishment of systemic anthrax induced 
iy intradermal inoculation. Regional lymph nodes drain* 
ng the site of inoculation are infected initially, Shortly 
before the onset of batillemia, organisms can be cultured 
Tom thoracic lymph, and, ultimately, they enter the blood 
>tream through the thoracic duct. Once batillemia is est- 
ablished, the pathogenesis is the same, regardless of the 
:ouie of initial exposure. 

Major differences between anthrax induced by the two 
.mites of exposure, in rabbits, were the pattern of rymph 
ttde involvement the development of mediastinitis exclu- 
sively in aerosol-exposed rabbits, and the dermal lesion 
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seen after subcutaneous inoculation. Similarly, Gleiser et 
al 24 reported that the basic nature of the lesions of inhal- 
arional anthrax was no different from that seen after in- 
tradermal inoculation m rhesus monkeys, although lesion 
distribution exhibited several distinguishing features. 
Aerosol-exposed monkeys exhibited a high incidence of 
mediasrinitis accompanied by a high incidence of hemor- 
rhagic meningitis, hemorrhagic pulmonary lesions, and 
intrathoracic lymphadenopaihy. Fritz et al u reported a 
high incidence of mesenteric as well as tracheobronchial 
lymph node involvement in inhalarional anthrax in rhesus 
monkeys. Intrathoracic lymphadenitis and mediastinitit 
are considered hallmarks of inhalarional anthrax in hu- 
mans and are believed to represent the primary focus of 
iruection.^ ,7 - , * ?0 ' w A low incidence of mesenteric node in- 
volvement was also reported in humans with inhalational 
anthrax."' 33 hi Contrast to the findings for inhalarional an- 
thrax, Berdjis et al w described a low incidence of medi- 
astirutis and hemorrhagic meningitis, with cellulitis at the 
inoculation site and primarily axillary lymph node in- 
volvement in monkeys inoculated intradermally in the 
forearm. 

Differences in the partem of regional rymph node in- 
volvement reflect norma) lymphatic drainage from the 
subcutaneous or pulmonary site of exposure. In contrast 
to findings in humans and rhesufi monkeys, however, we 
observed significant mediastinal lymph node involvement 
in rabbits, regardless of the route of exposure A possible 
explanation lies in the fact that the mediastinal lymph 
nodes In various species can receive afferent lymphatics 
from muscks of the dorsal thoracic watt and scapula, 
which was the site of inoculation in our rabbits, in addi- 
tion to efferent lymphatics originating from the intercostal, 
tracheobronchial, and bronAopulmona ry nodosa 
Greater lesion severity with extension into mediastinal tis- 
sues of aerosol-exposed rabbits can be attributed to earlier, 
more direct involvement of intrathoracic nodes during the 
course of aerosol infection. The greater incidence and se- 
verity of axillary node Involvement among subcutaneous- 
ly inoculated rabbits may be similarly regarded as a con- 
sequence of lymphatic drainage from the site of inocula- 
tion, resulting in early involvement of the axillary nodes, 
The increased incidence and severity of submandibular 
node mvolvement ocoirring in aerosol-exposed rabbits 
may be the consequence of either direct oropharyngeal 
deposition or mucociliary clearance of a portion of the 
aerosol from distal respiratory tissues. 

The mediastinal lesions we observed in aerosol-exposed 
rabbits were similar, although less severe than those de- 
scribed In humans. The decreased incidence and severity 
of the lesions in rabbits were most likely due to the rapid 
progression of systemic changes, resulting in relatively 
short survival times compared to survival times for hu- 
mans or monkeys. In aerosol-exposed rabbits, the mean, 
survival time was 2.4 days after exposure with only a 
minimal effect of decreasing dose on prolonging Survival. 
Specific dates of exposure are rarely known for human 
cases, but estimates for 41 cases from the Sverdlovsk out- 
break place mean survival time at 165 days after expo- 
sure 19 ' 37 The clinical course of infection was also modified 
through extensive medical intervention in those cases, A 
more protracted course of clinical disease would allow 
greater opportunity for extension of the primary focus of 
infection from the intrathoracic nodes into adjacent me- 
diastinal tissues. 
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The effect of prolonging the time course of infection on 
the severity of mediastinal lemons demonstrated ex- 
perimentally in rhesus monkeys. Gleiser et aF found that 
mediastinal edema and some hemorrhage were freoueflt 
Endings in aerosol-exposed monkeys, but massive hem- 
orrhagic mediastiniHs was limited to (1) an animal mat 
died 11 days after exposure to a low aerosol dose and (2) 
those arumals in which the course of the disease was pro- 
longed through me use of antibiotics. In some monkeys 
that died within 2 to 5 days after exposure to high doses 
of aerosolized spores, meditttirutis was not seen and in- 
trathoradr. lymph node involvement was the only gross 
finding. 

It is noteworthy that 2 of 10 animak in the intradermal 
study by Berdjis et el* developed mediagrirutis. Although 
the distribution of lymph node involvement was not pre- 
sented in detail, beyond .citing axillary nodes as a specific 
site, the development gl jnediastinitiB in these monkeys 
suggests that mediastinal node involvement may oecu* af- 
ter intradermal and aerosol exposure in rhesus monkeys, 
as occurred in our rabbits.. In the study of inhaJational 
anthrax in rhesus monkeys, by Gleiser et al, 2 * modiaitinitis 
was interpreted to be an extension of ksioas originating 
in the rnediastinal lymph nodes. Mediastinal lesions Were 
rn'oftt intense around intrathoracic nodes, which were fre- 
quently necrotic and hemorrhagic; and as indicated above, 
some monkeys dying rapidly after exposure to high dose* 
of aerosolized spores developed fatrathoradc lymph node 
involvement without mediastinios. In a more recent study 
of tnhalational anthrax in rhesus monkeys with o mean 
survival time of 5.5 days after exposure, Fritz et el" ob- 
served a grate incidence of thoracic node involvement in 
46% and mediasodtls in only 30% of monkeys at necrop- 
sy. Such findings suggest that intrathoracic lymph node 
mvolvement precedes the devdopment of mediastinal 
and that mecualtinltis is the result of direct extension of 
lesions from the lymph nodes Into adjacent tissues. A sim- 
ilar pathogenesis tor mediastinal lesions may be involved 
in the Berdjis study 4 * of anthrax' In monkeys exposed by 
intradermal inoculation. The mediastinals of mnalatianal 
anthrax in humans is also described as having a peri nodal 
distribution and was interpreted to have arisen as an ex* 
tension of primary lymph node lesions. 39 Mediastinal 
lymph node involvement would be expected to occur ear- 
ly in the course of the dkease after aerosol €xposvre, This 
could account for the greater severity of mediastinal node 
lesions we observed in our aerosol-exposed rabbits, in ad- 
dition to providing increased opportunity for extension 
intp svnounding mediastinal tissues. 

The lesions we observed in the gastrointestinal tract 
were comparable among rabbits exposed by aerosol and 
subcutaneous inoculanon. Gut-associated lymphoid tis- 
sues of the sacculus rotundua, cecal appendix, and ileum 
were primarily affected. We also noted sporadic foci of 
hemorrhage with bacilli arid edema in the stomach, small 
intestine, colony and esophagus, m humans, lnhalationa) 
anthrax is also associated with gastrointestinal hemor- 
rhage necrosis, and edema involving the stomach, small 
intestine, and colon. M w However, Abramova et al 19 not- 
ed that among the Sverdlovsk cases, the intestinal lesions 
did not involve Fever's patches. In contrast other investi- 
gators reported that intestinal lesions in humans with u> 
halaitonal anthrax were sometimes the result of bacilli 
rnulttplying in (he gut-associated lymphoid tissues. 35 

One might attribute the presence of lesions in the gas- 
see Arch Pathol Lab Mad— Vol 122, November lass . 



trointestmal mucosa, gut-associated lymphoid tissues, and 
mesenteric rymph nodes, after aerosol exposure to pri- 
mary gastrointestinal anthrax. It is known that 65% to 70% 
of inhaled 8. wthms spores are ultimately coughed up, 
ate swallowed and pass into the stomach within a few 
hours of exposure** 0 However, the presence of identical 
gastrointestinal findings in subcutancouGry inoculated 
rabbity where ingestion of spores is unlikely, suggests that 
these lesions occur secondary to lymphatic or hematoge- 
nous dissemination of the bacilli. Gastrointestinal lesions 
were typically accconpanied by distension of associated 
blood vessels V numerous bacilli, also consistent with he- 
matogenous origin* Investigators who examined cases 
from the Sverdlovsk outbreak believed that the gastroin- 
testinal lesions ware inanity, or possibly wholly, of he- 
matogenous origin, and they emphasised that, in 90% of 
all human anthrax cases involving gastrointestinal lesions, 
the enteric pathology occurs, secondary to hematogenous 
dissemination from a cutaneous or respiratory site of ex- 
posure 19 Similarly/ hematogenous dissemination was con- 
sidered to be the most likely origin for gastrointestinal 
lesions 1 in aerosol-exposed rhesus monkeys." A study by 
Lincoln et al 11 showed that rhesus monkeys ore extremely 
resistant to gastrointestinal exposure to B. anlhrpci^ pro- 
viding additional evidence that the gaWcint^tinal lesions 
were- not likely due to primary infection by ingestion* 

ftilmoTiary lesions were observed in nearly all rabbits, 
regardless of the route of exposure. An interesting nndmg 
among the aerosol-exposed rabbits was the occurrence of 
2 cases of acute interstitial pneumonia. Whether the pneu- 
monia represented primary prteurnanie anthrax Ctf devel- 
oped secondary to bacillemia could not be determined de- 
finitively. However the interstitial pattern was most con- 
sistent with secondary hematogenous origin, es opposed 
to bacterial pneumonia of irvhalational origin, which typ- 
ically presents as a bronchopneumonia. 41 Fritz, et al u re- 
ported anthrax-related pneumonia in 2 of 13 rhesus mon- 
keys and interstitial pneumonia in a third monkey after 
exposure to aerosolized spores. The two cases of anthrax- 
related pneumonia were thought to be secondary to bacilli 
occluding and disrupting alveolar septal capillaries, The 
single case of interstitial pr^umonia was thought to rep- 
resent an early euent in the development of anthrax-relat- 
ed preurnonia* The presence of pneumonitis in 3 of 10 
uifradermaliy inoculated xrionkeys studied by Berdjis et 
aP* also supports a hematogenous route as a viable patho- 
genesis for the development Of pneumonic anthrax. A sim- 
ilar pathogenesis appears likely for the development of 
pneumonia in our rabbits, and it may account for many 
of the pneumonias cited In cases of anthrax in humans. 

There is evidence suggesting mat the greater incidence 
Of pneumonia among htunans with inhalational anthrax 
might be influenced by me presence ot preexisting pul- 
monary lesions* Case reports made before the Sverdlovsk 
outbreak of 1979 suggest mat primary pneumonic anthrax 
did not occur in the absence of preexisting pulmonary 
disease. 1 **"' In the Sverdlovsk outbreak, however, large- 
focal hemorrhagic and necrotizing pneumonia interpreted 
as primary bronchopneurriorua was reported for 11 of 42 
cases. 1 * 1 ** The inridenoe of preexisting pulmonary lesions 
was not specifically addressed in reports of the Sverdlovsk 
cases. However, epidemiologic data reported by Meselson 
et aP 7 suggoet that a significant segment of the affected 
population engaged hi activities associated with impaired 
pulmonary function that may have tendered mem at in- 

Experlmonte! Anthrax in faWwis— Zaucha ei a! 



PAGE4S/49* RCVD AT 12/18/2003 6:12:43 PM [Eastern Standard Time] * SVR:USPTO*EFXRF-2/0 * DNIS:7465209 * CSID:2162410816 * DURATION (mm-ss):19^4 



..DEC. 

PHUW 



18. 2003 6:31 PM ■ CALFEE HALTER GRISWOLDjoEC 17 2003 15;33/ST. 15 :27.NO. 281 7 723 P, 46 g_ 







v 5b 

TO 





Figure 4. to' appefitf* a subCUWPeousiy //wCHfeterf iriAL 7*w /y necmrii d^/tf/on <rf individual lymphoid follicle*, With 
haaatrhfige. Numerous bacilli infiltrate depleted foci, simlhr to findings Illustrated in /jwpft mxfes ff^uw I, flj fhemattwryfan^A orfci/ia/ 
magnification y 12.2k 

K*un5. Lun* o/a iubctiLJi*»J$/K inoculated rabbit A. Note flooding of alveolar spaces wHh «km fbid*nd&. severe bclltemja cyidm tin 
areolar septal capillaries. CelMar inlkmmttory infittnm fie, pneumonic foci) *v not tpperent (bewtoaylfoeosin, origin** magnification XIX 
!M and Ctom original magnification X264 mi 

Kgure 6. Mediastinum of an aerosol-exposed rabbit Note multifocal heniortfw^ edema. ™d necrosis extending fnio mediastinal fibrostdipose 
Hiso* adjacent to a r^ecrohemorrhagic mediastinal lymph node (henyitoxytin-eosirh Origin*! magnification XZ6.4). 

Hpirt 7. Kktney of # subamnoousty inoculated iabbil Note hemvrftage within the urinifoous *f*c*wi lumina of ^^Snt^^ 
tubules. Affected tubules ans lined by do&nerate to nepotic epithelium. Glomerular capillars are drstended by aggrssMtes ofbaclllt (tternatoxytm- 
eosin, original magnification XI32K 

iW* 3, Cerebral cortex of 4 *ubcutMnvou*ly inoculated rabbit, Note hemorrhagic mentogct And neuropil and the abtonte of any apparent 
cShUr inflammatory infifatEs thematoMyllfHsosin, original magnification x2&4>. 
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ophite granulocytes *nrf myrtoif ftacift" (htmatoxyliifeosin. origin*/ magnifciVon x ij2f, 

figure 10. PUtawwiy of a sutail***!^ <fl°*W «W>«- Note the extreme tacilkmia and numerous heterophil* granulocytts In 

vuious SOges of matuntioo (Glemta. original magnification xgM). 

FiniM 11 tooculxiar, site of' *ubaA*n«>u5ly monW rabbi Thm dennit « markedly tended by edema, 

KjL "jJ^rfSj/dbTOf vacillation or ulceration (henatoxyTm^aki original magnification X26AU 0, Dernnl coUagen bundles an 
^^dt^^of^^SX^td^ idUflonn.and numerous bacilli ICHm «*»f «P««- *»» 



creased risk for the development of primary pneumonic 
fed of anthrax. Information available on 33 of 55 tabulated 
cases in males indicated that 60% were moderate to heavy 
smoker* In addition die most commonly reported occu- 
pation of those affected at the time of the outbreak was 
"welder" (7 of 35 reported). Barry investigations of tnha- 
latlonal anthrax in rhesus monkeys described the devel- 
opment of necrotizing bronchiolitis believed to represent 
superinfection of preexisting lung mite nodules by B, an- 
thirds, 77 -" Similar Wane were not observed in later stud- 
ies of monkeys free of lung mites." Our studies, per- 
formed in rabbits free of significant pree)dsdnej>uteio- 
nary lesions, and earlier studies in rabbits by BuAner and 
Barnes 12 ^ also failed to reveal necrohemorrnagic pneu- 
monic foci resembling those described in the Sverdlovsk 
outbreak. 

An additional factor that may have influenced the low 
incidence of pneumonia and mediastinals in rabbits com- 
pared with that in humans is relative host susceptibility. 
Anthrax studies in a variety of host species suggest that 
the degree of leukocytic response may be related to rela- 
tive host susceptibility, with highly susceptible hosts de- 
veloping a mild response In contrast to the more intense 
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inflammatory reaction seen in hosts resistant to an- 
thiax/*** Aerosol exposure of dogs and swine, both con- 
sidered highly resistant to anthrax, resulted in hemor- 
rhagic pulmonary lesions with intense cellular inflam- 
matory infiltrates, 45 Bacilli were apparently contained 
within pulmonary tissues, as intrathoracic lymph nodes 
were reactive, but not Infected, and systemic disease aid 
not develop. On the basis of pneumonic changes after 
aerosol exposure, humans appear to be intermediate in 
susceptibility to anthrax between the more susceptible 
rabbit and the more resistant dog and swine, Differences 
in local leukocytic response have also been cited between 
the dermal lesion of anthrax in rabbits and cutaneous an- 
thrax in humans. In rabbits, the lesion is more edematous, 
and the cellular infiltrations are less intense than those 
seen in humans." 

All rabbits developed a histologically evident baalle- 
mta, intravascular aggregates of fibrin, congestion of mul- 
tiple organs, and peripheral heterophilic leukocytosis. 
Leiikocytoaie with a left shift has been reported for hu- 
man cases. 13 The level of terminal badltemis is also con- 
sidered to be high in humans.* 7 Morphologic dianges con- 
sistent with shock, frequently noted in human cases, m- 

frperimentol Anthrax in M*/fs— Zawcha ei at 
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dude congestion of multiple organ*, stasis of erythrocytes 
in venules and capillaries, and pulmonary edema. 19 The 
congestion suggests terminal hypotensive shock, consis- 
tent with cytokUte-induced patnojphynologic events air* 
rently believed to contribute to the pathogenesis of an- 
thrax. At hiflfi doses, anthrax lethil toxin ia lytic to mac- 
rophages**; however, at 6 ub lyric doses, the toxin induces 
macrophage* to express interleukin 1 and tumor necrosis 
factor. 4 * At high levels, intedeukin 1 and tumor necrosta 
factor can mediate a cascade of physiologic events culmi- 
nating in fatal shock, 3 * 54 similar to thai seen at the ter- 
minal stage Of systemic anthrax. Intravascular aggregates 
of fibrin may be due to rapid postmortem clot formation 
peculiar to anthrax infection and the extreme bad Hernia, 
or they may occur secondary to toxin* or cytokinHnduced 
endothelial alterations favoring a pro coagulant state.**" 5 * 
Bacterial thrombi and leukocytosis are also observed in 
anthrax in rhesus monkeys exposed intradermally or by 
aerosol*™* 

Hemorrhages involving multiple tissues were common 
among both groups of rabbits and have been described 
for anthrax in humans*"*** 3 ** and rhesus monkeys 21 ^ as 
well. In the majority of affected tissues in rabbits, the hem- 
orrhage was accompanied by large numbers of bacilli. In 
the adrenal glands, however* few bacilli were apparent 
histologically, Hemorrhage in the adrenal glands varied 
from minimal to complete obliteration of the cortex and 
may have been a manifestation of Waterhouse-Friderich- 
sen syndrome. Renal hemorrhages in our rabbits were ac- 
companied by changes that have not been described for 
anthrax in humans or in nonhuman primates. The ap- 
pearance of the lesion suggests that hemorrhage occurred 
through disruption of glomerular capillaries/ With subse- 
quent drainage from the uriiuferouB space into associated 
convoluted tubules. This resulted in tubular degeneration 
and necrosis, possibly hemogtabinuric nephrosis In our 
study, the renal lesion was mmimal to mild in severity, 
with only low numbers of widely scattered nephrons in- 
volved. Significant renal lesions were not a feature of an- 
thrax in intradcrmalry-exposed rhesus monkeys, whereas 
renal tubular degeneration and tubular casts wens report- 
ed for inhalational anthrax in mat spedes. 3 * Significant re- 
nal pathology does not appear to be a feature of inhala- 
tional anthrax in humans, although there is a limited ac- 
count of tubular degenejirtion and necrosis."* 

Hemorrhagic meninges with intense neutrophilic inflam- 
matory infiltrates is frequently associated with inhalational 
anthrax in humans and inhuman primates. 17 -**** 1 *' It 
was also reported to occur in 1 of 10 rhesus monkeys ex- 
posed biiradermally » However; of the 21 cases of rneningeal 
anthrax observed in the Sverdlovsk outbreak, 6 were de- 
scribed as a serous leptomsungitis characterized primarily 
by edema of the pia mater, with only fnsigrUftcant infiltration 
by erythrocytes, moncnuciear ceZH and neutrophils." A low 
inddora of hemorrhage with bacilli occurred in the brain 
and meninges of GU^taneously intonated and aerosol-ex- 
posed rabbits. The kslon in rabbits differed from mat seen 
most often in humans OT in nonhuman primates in that it 
was devoid of any accompanying leukocytic infiltrate. The 
degree of leukocytic response may have been influenced by 
relative host &u£C6ptibuiry l as we have suggested for the me* 
dias&nal pulmonary, etna dermal lesions. In addition, our 
rabbits were injected with the Ames strain of B. ttnthmcte, 
whereas most earlier studies were of anthrax in nonhuman 
primates infected with the \foilunvl89 or Whim IB strains. 
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Finally) and perhaps most importantly, the rapid progression 
of ratal systemic changes in rabbits may have limited the 

rarturtity for dcvdopmait of the leukocytic response Li 
regard, rhesus monkeys with meningeal anthrax that die 
soon after exposure have a significantly lower cellular in- 
flammatory response in the central nervous system (hart do 
those with longer survival times (GMZ* unpublished data/ 
1997). 

Our results indicate that rabbits are extremely sensitive 
to lethal infection by B. anthrctds, as evidenced by the ful- 
minant nature of. the disease and disseminated pathologic 
findings. The rapidly fatal course of anthrax induced by 
high-dose aerosol or subcutaneous exposure in rabbits 
could be considered disadvantageous in that products ef- 
ficacious against the more protracted human illness might 

K unrecognized in such an animal model. However, in- 
lational anthrax in humans is essentially 100% fatal if 
left untreated, and inhaled doses in biological warfare or 
terrorist scenarios might well exceed those of historical 
occupational exposures. It would be prudent to err on the 
side of safety by demonstrating efficacy u\sueh a sensitive 
model 

CONCLUSION 

The principal ksions of anthrax were similar in rabbits 
after subcutaneous injection or aerosol exposure, Major 
differences were the pattern of lymph node involvement, 
the presence of media* tinltis exclusively in aerosol-ex- 
posed rabbits, and dermal lesions in supcutaneously in- 
oculated rabbits. Although the disease is characterized by 
a more rapid progression in rabbits, the end*stagc pa- 
thology of anthrax m the rabbit model appears remark- 
ably similar to that of inhalational anthrax in humans, and 
it supports the use of rabbits as an appropriate animal 
modal Furthermore the more fulminant nature of the dis- 
ease in rabbits could be considered advantageous in that 
it provides a rigorous test of candidate products, useful in 
the development of vaccines and therapeutic regimens 
against inhalational anthrax in humans. 
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Anthrax toxin lethal factor contains a zinc 
metalloprotease consensus sequence which is 
required for lethal toxin activity 




Kurt FL KUmpet, Navean Arora and Stephen H. Lappta * 

Uhoratory of MkrobW Ecology, National Institute of 
Dental Research, National Institutes ofHt&tth, Bathesda, 
Maryland 20892, USA 

Summary 

Comparison of fto anthrax toxin lethal factor (LF) 
amino add aaquenoa wWi aoquencB* hi the Swisa 
protein databaaa revealed abort region* of atmllaitty 
with the conaamua Uno-Undlng afte, HEXXH, that Is 
ctaractenetic of metaHoproteaaa*. Several prate*** 
InhlbKorftp including bestatln and captopril, prevented 
Intoxication of macrophagaa by hthal toxin. LF waa 
fully Inactivated by atta-dlractad mutagenesis that 
aubatmited Ala tor either off th* reokiuea (N416 and 
r«90) implicated in rinc binding* Similarly, LF wee 
inactivated by eubatitutlon of Cya for E*0A7, wnlcn to 
thought to be on e«**ra1aJ part of the catalytte axe. In 
contrast, reptacamerU of E-720 and E-711 *»h Ala had 
no effect on LF activity. LF bound ^n both In solution 
and on protein biota. The "Zn binding waa nduced 
for several of the LF mutants. The** data suggest that 
anthrax toxtn LF la a zinc mttallopeptldaaa. tho cata- 
lytic function of Which la roaponelbie for tha Mhal 
activity observed In cultured cttfe and In animals. 

Introduction 

Th* virulence of 8$dUus anthrada depend* on the produc- 
tion of two secreted materials: an antiphagocytic y-Hnkad 
poJy-°-90utamte acid capsule and a lhrC^K»mpon*rit pro- 
tein exotoxin (Keppie et a/„ 1903; Smith of ai., 1955), 
The need tor both products la evident from the great 
decrease In Inactivity that occurs upon loss of cither of 
tho two large plaamids that encode these virulence factors 
{Uchida et aA, 198& Ivtns and Wdkos. lOBfl). Further- 
more, inadfvatbn of any one of the three genes encoding 
the toxin proteins causes a largo decrease In virulence 
(Catakii era/,, 1990: Pexord era/,, 1991). The three toxin 
proteins Interact In binary combinations to produce two 
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toxic effects on animal cells and tissues. Lethal lack* 
(LF) and protective antigen (PA), together designated as 
lethal toxin (LT), rapidly produce pulmonary oedema end 
death in rats and other animals (Smith and Stanley, 
1962). Edema factor (EF) and PA, a combination desig- 
nated oedema toxin, causes oedema when Injected intra* 
dermalV (Harris-Smith at &L 1958), EF la an adenylate 
cyclase which has the unueua) property of requiring the 
eukaryetic protein calmodulin as an essential cofactor 
(Leppia, 1982; 1994). 

Recent studies have helped to explain how the toxin pro- 
teins interact to causa delivery of EF and LF to the cytgsof 
(Lappta at &l, t 1993; Arora at aL t 1992; Arora and Leppla. 
1993). PA binds to a receptor present on many types of 
calls, and is cleaved after Arg-167 by kirin or a protease 
with arrflaf properties (Kllmpel et a/., 1992), The release 
of the amlno^ietmlnal fragment of PA exposes a site to 
which either EF or LF binds with high affinity (Leppla ef 
a/„ 1986; Leppla, 1991b). The complex then enter* cans 
and tho EF and LF are translocated to the cytosot. Studies 
with fusion proteins {Arora et al. t 1 962; Arora and Leppla, 
1903) show that this translocation process Is highly effici- 
ent and that It may be able to accommodate many differ- 
ent polypeptides. 

The anthrax lethal toxin plays a larger role than the 
oedema toxin in the pathogenesis of a anthracis infec- 
tions. Thus, inacttvation of tne £F gene in 8, arthmrts 
reduces virulent* only ir>fold. whereas inactivatlon of 
the LF gene reduces virulence more than 1000-fold 
(Pezard et a/., 1991). Lethal toxin causes pulmonary 
oedema in Fischer 344 rats that leads to death In as little 
as dSmin (Haines etal.. 1906; EzzeJl ataL 1984). Equally 
dramatic Id the lysis within 90-120 min of certain mouse 
macrophage cells exposed to low concentrations of the 
toxin. The response of mouse macrophages is unique: 
no other typo of cultured cell 9 hows an acute respond* to 
tha toxin (Friedlander, 1986; Friedlandar at a/., 1993). 
Cell types that are not sensitive to lethal toxin have PA 
receptors and can respond to oedema toxin, so their rode* 
tance suggests the absence of an intracellular substrate 
lor LF, Tha potency of lethal toxin on macrophages and 
in rats, together with the obvious analogy of LF to the 'A* 
subunfcs of other toxins (Including EF) that act m the cyto- 
soL leads to the expectation that LF also has a catalytic 
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activity (Gill, 1976). Eeity attempt to Identify enzymatic 
acirvltiee in Lf wore unsuccessful (Stanley and Smith, 
1963). In the* report we present evidence that' LF is a 
meialloprotease. 

Resorts and Wecueslon 

Datebass searches 

The computer program bust was used to search tor 
sequences similar to LF residues 383-776 (Robertson 
and Leppla, 1886: Bragg and Robertson. 1089: Attschul 
*ta/„ 1990). Short n&glon* frwi many protdrm ehoweda 
limUed similarity to LF, Three afferent proteins (flacttfus 
stearvthsfrnopttikiS' neutral proteinase (thsrmor/sin), rat 
soluble metallo^no^pepWase. and Bactous ctwus 
proteaso) each had sequence* snular to LP resk&ies 
686-692 (Kubo and Imanaka, 1066; Watt and Yip, 1869; 
Wetmore- et a/., 1992). We recognized this woo of LF, 
HEFGHAV, as characteristic of iinc metallopeptfdasae 
(JengeneeT at ol., 1989). Using the GCO programa po£up 
and oat, the LF amino add sequence was aligned to sev- 
eral zinc metallopepticfasee (Rg. 1) (Genetics Computer 
Group, 1B91). The highest similarity was bund when LF 
residues 660-710 were compared with residues 142- 
1 72 Of frermoiyari, for which the program gap calculated 
an identity of 65,4% and a similarity of 66.5% when the 
gap weight wu set to 0.0, 

Znc rnotailopeptidasaa typically contain three residues 
which co-ordinate $ zinc atom and a glutamic acid residue 
that is critical for catalysis, Two of the histkSne residues 
andthegkfttimfcacfcJrBs^ 
metalopeptldase smrttoding region signature sequence 
HEXXH. In these metaJloenzymes, the essential zinc ion 
is chelated by the two histkflnea (M) together with a third 
more terminal residue, either His, Cys. or Glu (Vallee 
and AukJ, 1990a r b; Has© and FmkeisteJn, 1803). The Glu 



rsfldue (E) between the two His residues acts as a nudeo* 
phPe during caiarysJs. 

A search or LF against the PROSfTE database with the 
program motifs detected a match to the zinc metottopro- 
teaee signature aSTAIVl-x(2)^-E-[LIVMFYHDEHRKPJ- 
H*-{LIVMFYWQ]) when a single mismatch was permitted 
(Genetics Computer Group, 1991), The G in the first 
position was the only mismatch from the 10-rssldue motif 
and Is chemically similar to the accepted A. The similarity 
of the tetanus toxin sequences to the zinc metaJlopepii- 
dase family was reported when the motif was Initially 
described (Jongeneel el */., 1969; Falrweathsr end 
Lynoss, 1986). When compared to this motif, tetanus 
toxin also has a mismatch at position 1, whereas the botu- 
llnum neurotoxin types C1 and D match exactly. Botulinum 
neurotoxin type A also falls to match the extended PRO- 
SITE moUr owing to a single mismatch Qt position 10. 
Recently, convincing evidence was obtained that tetanus 
toxin end several of the botullnum toxins are proteases 
that bind adnc and they have own Included as members 
of this motif family (Schiavo ef aX, 1992b, c; 1993; Batroch. 
1993). The widely accepted view that ell the clostridial 
neurotoxins have a similar catalytic activity suggests that 
all thste proteins wiH be shown to act as peptidases. 



ArrthOpeptidase Wmof* bhck le/te/ foxin action 

We tested several Inhibitors of *)Qbpeplldasefi and amino- 
peptidases for their ability to prevent intoxication of J774A. 1 
macrophage celts by LT. The most effective inhibitors of 
LT action were the cNorornethyl ketones of Leu and Phe 
(Leu-CMC or Phe-CMK) (Fig. 2 and data not shown). 
Unfortunately these substances were themselves toxic at 
caicertraticfis above 0.1 mM, presumably because they 
interfere with a number of cettutar processes. BestaHn 
((23, 3R)»f>amino-2-hYO^ 



Lethal factor 
Thermolysin 
Listeria mpl 
Elastase 
Serratia npr 
Tetanus Toxin 
BotD 
RatapN 



4* • 

63$ HEFGflAVTJD 
142 HSI/THAVTD 
*86 HELTHAVTQ 
140 HEVSHGFTS 
209 HBIQHAL. t 
233 HBtlUVLHG 
229 RSLTH5LHQ 
387 HBLAHQWFG 
88 84 3 



Y.AGYW-DKN 
YTAG.LIYON 
YSAG.I.BYEG 
QttSG . IjlYRG 
. . .G.L5HPG 
LY.C.MQV5S 
liY.G.lMIPS 
HLVT.VDWWN 
3 37 5 3 



. SDLVTWS 
> SGAI -NE 
. SGAL . NE 
.SGGM.NE 
YNAGEGW. 
HEIIPSKQ. .E 
DKRIRPQ.VSE 

J5LWL NE 

3 4 6 



KK.FIDI.FK 
A. .ISDI.FG 
S- • P AD V . FG 
A..FSOM.AG 
PTYN.DVTYA 
I , YMQHTYFI 
G.FFSQDGPN 
G< ,FASYVEP 
5 5 3 



. . .EEGSNLTSY 728 
TLVEFYAN. , . > Ifll 
. . ..YFIAPKHW 427 

RAAStfYMR 179 

EDTRQP5 . LrHSY 249 

. SAEEli 272 

VQFHEL 270 

LGADYAE , P - TW 428 
53 



pfa \ f AHynmtflt of laihsl ttctor wbh othftr metauopmbosas, The common HEXXH motf » in boid. Ueterta tnpl, Uat&io rnonQQAD&rma 
meteHopiDtasse (Domsnn tA sL 1991); elastage, F&udomoo&fitwtnosa&usto* (Bmr md lotewsM, 19S8); Sarmtis npr. Sonzto 
jn*/Bft*c*KiteUtril protease (flmunagri and BerwdOc, 1990); OotD, CfojWdbim botutiwrti rwctw^dn typa O (Blrtz sttf., 1«09); Rat apfi ftsl 
airWngpepildiiasNfWaSandY^, LPisslduH which wbm mulatad In stud/ are mirksd wmt an seterisk, HasWuss which Are 
lo^mUioL^rafiioueeMMOrn^re othor fxoteasw art Indicated by # number, 3 tfmxjgn w 8, wtnch reprcamte ih« frequency of the 
LP raft* st that posibon. Trw IriUi filignrrwii mtM panbrmed with th» QCQ pmgram pwdp and then wfrned by hind. 
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Mechanism of action of anthrax toxin tethat tector 109& 

ffg. 2. Diug pnxacfion of J774A.) catls tiom 
tottal totfn. J774A.1 cols were preHrcubeiod 
wfti druoi for 30-60 rrtn prior to the iddWon 
of tettifl toxin. Four hows aft* addition oi 
trudn, MTTwos added to * final concentration 
U ^£ MK 01 0.4mg mr\ Alter in artftoflft) Mn* Inou- 

m»tfHz ballon the nwdA waft aiptmtatf ond tho 0V0 

U*aa* *o*ut*ta*l and thf colour quantified al 

U*NHi 570nfn, CoUa l/oattd With tttfln onty mm 

Unto and old rarf produoo any colour (data 
CtftopuJ not shown), each aamoft was tvsttd In oipH* 

eato and tUoooquoot OKpertmtnta with mo 
Game drugs ai oquvatafll eooeeniniBona had 
ofmJlarnuiito. 
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and shown to be an Inhibitor of leudrw antinopeptidaw end 
amiiXJpo^ktaEiaBandM(Umezawa^d/, ( 1978), was very 
effective at blocking; LT activity (Fa» 2). Other Leu and Phe 
dorivathreaproto^ 

LeuLAuPh^-NH^ generally being more potent than the 
corresponding Leu (L0U-NH2) peptides (Pig. 2). Captopril. 
a potent Inhibitor d the Bngwtensfrwxmvertlng enzyme, 
which aiso inhibits tetanus tojdn and botultnum A and B 
neurotoxins ^) vivo, was only aflgfitiy Inhibitory at 10mM 
(Rg, 2) (SchtavO efai, 1862a). Phosphoramkton, a Strang 
Inhibitor of thermofysln and neutral andopeptldasee, had no 
offset on LT activity (data not shown). 

Assay of LF for pnxtofytic actMty 

IF was examined for Its ability to cleave several common 
protease substrates. Casein, albumin, and aetata were 
used os substrates to test the general protease activity 
of LF. No releaso of small peptides or amino add* 
waa detected, Similarly when leucine, lysine-alanine and 
glycine-phenylalanine bctoHiaphthyiamides were incu- 
bated with LP to assay arninopeptidase activity, none 
was observed (data not shown). 

We previously reported mat incubation of Intrinslcoly 
labelled (pH}-kudne or I^Hneihlonine) protein extracted 
from J774A,1 ceis with LF resulted in the release of radio- 
activity Into the assay buffer (KJimpel ei el, 1993), Subsa- 
quentty we constructed a A anthmds transpeson mutant 
that looks the etXfty to produce an extooeeJIular protease 
(K, a Klimpel, J. M. Homung, S. Haley, and 6. H. Leppla, 
unpublished)/ Incubation of intrinsically labelled protein 
extracted from J774A.1 cells with LF purified from this 
strain did not result In the release of any radioactive pep- 
tides into the buffer. We conclude that the activity reported 
was due to contamination of our LF by trace amounts of the 
extracellular protease produced by a anthmcis. In view of 
the requirement of BF for calmodulin as an enzymatic 



cefaclor, we also tested whether proteolysis was 
enhanced by an extract of macrophages. We found no evi- 
dence for cleavage by LF of any of the substrates tested, 

Zine binding to LF 

LF was lasted for its ability to bind tine in solution. After 
removal of mete) tons from LF with EDTA, the protein 
was incubated with **Zn. Unbound **Zh was removed 
from the protein solution by concentration dialysis. LF 
treated in this manner bound considerable amounts of 
8 *Zh (Fig. 3). re Zn binding was optimal between pM7.0- 
6.0 In the presence of 100 uM CaCfe (data not shown). 
Under these conditions each LF molecule bound about 
one zinc atom {calculation not shown). The bound 65 Zn 



5POO 



4Q00 




"ZiT ZiT GT Co" r*r mi." 



Rg< S. "Zn binding, to total factor. LF (30 no) wa* incubated «itn 
•»Zh (5wM) h l00|tM CaCb, 10 mM Tris-HO, pH75. atone or in 
the prisonca of ■ 5004ofd molar excess of otter owaiaffi cations 
tOf 1hat 2TC. Unbound **2n was fKDOrved by cpnpentflllon dialy- 
$& wiih Comricon 50 oortcertrratore (Airtcon). RatfooctMry eeWO^ 
«IdO with oonOHitratBd pmtaln sample wt& delom^ned In a 
gamma counting aysfrm wtm 13,04% erfWetttfy (or ^Zn (8ocKrndn). 
E/ror tors indtoata no standard error of each deto set. 
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flu. 4. "Zn Wi* to lethal luaor imodHkad on ■ PVOF mtmbran*. 
Ptotain wv separata* by 10% SDS-PA0E, Protein! were fitalrtid 
wttfi ©oomaisii brttflArt Muft or imnd ernwi to Irrmctitori PVOF 
membroAd. The mertfcnme mu> Incubei^ wta *Mhed, drittf 
and iutDfadbQf*ph9d (am the Exptfmtfai prrocfcrvs). Lens 1 . 
PA (5ms1; lane 2, PALF (5^ lane 3. PA (S wfl: lana4. PALF 
{5 ug), The protein in lane* 1 and 2 wire visualized after atolnlrtg 
wHh Coomatfle bfUKent bine A-25Q, white tenet 3 and 4 wreie 
vtBuanzid by autondDQrapfty Otter trie membrane watt expceed to 
XftyUnbrTeh al22"C 



could bo displaced from LF by Incubation In the presence 
of several divalent metal lone (Fig, 3). A 500-molar 
excess of zinc, copper or mercmy prevented LF from bind- 
ing **Zn. Nickel end Mbah dtepte^ moia than half of (he 
bound ^Zn white magnei ium and manganese displaced 
only erwalf amounts. These results am very similar to 
those found for tetanus toxin (Wright er at, 1892). 

Zinc binding was aJso measured by a ztoo-bkming 
method (see the Experimental procedures Wright er 
a/„ 1 992). Equal amounts ol PA and LF were eleotrophor- 
esed through a 10% SDS-polyaaYtemida gel and then 
transferred to a pdyvtayWane dffluorlde rttemhrana. The 
membrane was watted twice with SmM EOTA and then 
rinsed with metaMree water. The filter was incubated 
with "Zn, washed, dried and auioradtographed. LF 
bound wtile no significant Wining wee observed for 
PA (Fig, 4, lane* 3 and 4), Optima) binding was achieved 
In the presence gf 100 |iM CaCfe at pHT^ 



Hesldim at the HEXXH moM are &$enti$l for 
maximal dnc tfndfrjo/ and Aw Lfactivtiy 
The crystal structures of themy>lysin f Peeudomonas aeru- 
^no&elastase. and A caret/ff neutral protease have been 
determined (Matthews el 1«74; Thayer er af., 1991; 



Peupttt er ieee>. In addition to the Identification of 
the HfiXXH motif In LF, these crystal structures provided 
the framework from which wo determined which residues 
In LF rrtay be critical for activity. LF residues H-686, 
£.667 and H-690 are analogous to thermolysin residues 
H-142, E-143 end M*146. respectively. In thermolysis 
H-142, H-146 altd E-166 bind zinc (Matthews otol,, 1 974), 
LF has no glutamic acid residue Analogous to E-166. 
The nearest glutamic acid residues m LF are €-720 end 
E-721. 

The recombinant polymerase chain reaction (PGR) 
(Morton ef at., 1990; Johnson et el t 1993) was used to 
make specific substitutions In the LF gene. Residues 
►■^686, E-721 were substituted With A, 

and residue E-687 was substituted with C. Following 
PCfi 4 each mutant construct was sequenced to confirm 
that only specified mutations were Introduced, LF mutant 
proteins were made as fusions to the PA protein and 
expressed in B. anthr*cls as wil be described elsewhere. 
The fusion proteins were cleaved whh factor Xa or trypsin 
and the LF or mutant LF proteins were purified. 

The amount of ^Zn bound by each mutant LF was deter- 
mined in solution. LF mutants 1 , 2 and 3 bound less 
than did LF (Fig. 5). LF 1 (A 6-8 ) bound about 85% of 
wild type, while LP 2 (A 6i0 ) bound only 45%. The double 
mutarte, LF 3 (A^A 8 * 0 ), bound only about 13%, less 
then either of the single mutants. The amount of rado- 
acbve zinc bound by LF 4 (C 687 ) and LF 5 (E 780,721 ) was 
not significantly different from the amount bound by LF 
(P=0,2B and PoOM, respectively). 




PA UPwi LFW LFtf UW 11*4 



Fig, *^bindiu>ieW factor art 
tton. Two-hundred rrtcreflrams of PA. IF or LF mutant proton w«m 
\naO»^ with (6|iM) tn lOO^M GflC**. ISniM Tfti, pH7£ for 
1 h el Urtbognd "^Zn wrs removed by cycias of »neerv 
tntton tfatfik with Certfrfcon SO eoncamiatfifs (Amkxw). Rscfio- 
BcftAvol (tie concdniiatad protein eempUti was determined in a 
gamma ooutflftg w*m with 13-01% effidency (or *2n (ueckmart). 
£mxt»nj indicate iho standard error of eafih data eet 
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Ho. 4.TowdtjrofrnutatodLFpwt^ni, Mutated LP proteins were 
asaayad tor fuxfortil ecfiviy wfth RAW284.7 eft)* In tf» presence 
of PA (aSOngml- 1 ). C«ff viabilty WU dfttomted using MTTa© 
datfirt&ed pnMousty (Qwm if AH. 1fl01). Native and mutstsd LP 
pictans wire oxprtsstd at PA protein futtortl, Craved with hd* 
Xa and purified tor us* In tfe a*Uy, 



Th* activity of the purified LP protasis waa determined 
by their otflfly to km RAW264.7 celts In culture (Fig. 6). 
Native LF and the double mutant LF 5 (A w,3, ) ( killed 
cells In a dose-dependent manner (native LP, ECso of 
engmr 1 ; LF 5 (A 72 *** 1 ), EC» of Itngmr 1 ) while 
mutants LF 1 (A 0 * 9 ), LF 4 (C 607 ), LF 2 (A* 0 ) and the dou- 
ble mutant LF 3 (A SH,tt ^ failed to show any toxicity at con- 
centrations up to 20 jig ml -1 . 

These results are In general agreement with the zinc- 
bindfngdaia The mutant proteins mat bound eubetantiaffy 
lets idno than the native protein (LF 1-3) were not toxic 
Because the co-ordination or zinc depends on interactions 
with several amino acids the decreased ability gf the dou- 
ble mutant to bind zinc, when tempered to the single 
mutants, was anticipated. If E 7 * 0 or E 7 * 1 were Involved in 
coordinating zlno 03 we predicted, we would have 
expected that their replacement In LF 5 would have had 
an effect on the protein's ability to bind zinc and intoxicate 
ceils, LF, like the Serrate marceGcsrt? neutral protease 
and the P. awugnos* alkaline protease, may have the 
third zinc tigand on the amino-termlnal sMe of the consen- 
su* zinc metatfcproteaae site (BraunageJ and Benedlk, 
1Q90;OfcLjdaetaA, 1990). Determination of the third imc 
ligand may be achieved by more exhaustive mutational 
analysis or by solving the crystal structure of LF. 

Taken together; these data provide substantial evidence 
that LF Is a zinc nwtailoprotease. This possibility would be 
confirmed by Identification of an actual substrate, like 
tetanus to*Jn and the botulinum neurotoxins, LF probably 
has a very narrow substrate specffioity, perhaps a single 
protein or protein family (Schlavo & a*, 1892*; 1993; 
McMahon ot ok t 1$93). Identification of a Substrate may 
prove to be difficult. Coinpartson of macrophage cell 



Mechanism of atfton of anthrax toxin telhal factor 1097 

lines that are sensitive to the toxin with resistant lines 
may help distinguish potential LF targets* 



Experimental procedures 



— O— LP 

— *— Lffl 

— Lf tt Reagents and general procedures 

— O— UN 

" u LFS3 



Restriction endortucjeases and ONA-rtttdHying enzymes 
were purchased from QI0GQ/DRI, Boehringer Mannheim, or 
Mew England Bkxaba. Otfrmurfeoildae wme synthesized on 
a PCR Mate (Applied Bteystems) and purified wffl oilgo- 
nucieetide purification cartridges (Applied Btosystems). DNA 
sequencing to confirm constructs was pttforrned with the 
Seqoenase Version 2.0 sequencing kft from U8 Biochemical 
Corp. according to the manufacturer's instructions. ONA frag- 
ments were purffled after electrophoresis from agarose gels 
with a QIAEX extraction kit (Qlagon), Protein concentre* 
sons were determined with the BCA reagent (Pierce) using 
bovine serum attwmin (BSA) as a standard, 



Zmc tinting in aoktion 

Purified proteins used tor zinc binding In solution were 
first passed through a Sephadex Q-25 column (PD-1Q, Phar- 
macia) that had been eo>fibniied whn 10mM Trie, pH7»5, 
100uM CaCfe. ^Zinc p.QTmClmg' 1 . Ou Pont-NEN) was 
added to the protein solution to a final concentration of SuM, 
final volume 2mi Incubated at 22*C for 1 h. Unbound 
zinc was removed by two cycles of concentration dialysis 
with Cerrtricon 50 corcemrators (Amfeon). 



Zinc blot 

After PA and PALF fusion protein were treated with small 
amounts of trypsin (a.5pgmr 1 for Mmlrt at 23°C) to deave 
the 20 k Da arnimriarrntnaj fragment, the proteins Were sepa- 
rated by 10% SOS -PAGE and tranoferred to lmrrwbiion*P 
poiyvlnylldene dlffuohde membranee (Millipore Corp.) pre- 
viously wetted with methanol, Membranes were washed 
twice In 5mM EDTA. 10mM Trfs. pH7.e. washed five times 
In water, and then Incubated for 3 h m SjiM "ZnC^ IQOjim 
CaCl a 10mM Tris, pH 7.5. Membranee were washed three 
time* in IOOmM CaClj, IQmM Trfe, pH7,5 to remove 
unbound "Zn, and exposed to X-ray fflm. All reagents were 
pretraated wfth Cheta-100 resin (Bto-Rad) to remove metal 
ions* 



Cytotoxicity measurements 

Vlatoffity of toxin-treated macrophages was measured as 
described previously (Ouinn ef a/. ( iggi), using 3-(4^- 
©1rr^yhr»azol'2-yl}^5-dphenyto bromids (MTT), 

Briefly, RAW264.7 or J774A.1 macrophages were grown to 
50% confluence In 96-weil ptates* then PA (£60 rtfl ml" 1 ) 
and varying amounts of LF, LF plus Inhibitor, or inhtotor 
alone were added, and Incubation was continued for 4h. 
MTT was added to 0£mgmT' t and after 45-60 min, the 
medium was aspirated and the blue pigment dissolved and 
the absorbance measured in a rmrrtfwell plate reader, 
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SitfMjiwcted mtitAgenwi of LF 

Recombinant overlapping PGR was used to replace LF resi- 
dua* Ws-688, Ws-690, Gki-720 and Glu-721 witfi Ala and 
to replace Glu-687 wtth Cys. Briefly, two complemdntary muta- 
ble pHmars q^tng the ste al which ttw mutation if to be 
placed are used in the tint round of PGR to amplify two 
segments of a gene or owe fragment. Dili la followed by a 
second njcemtwnartt PCR. using the purified products of the 
fret round, whtti reconatitutes the gene or gene fragment 
containing the site specific rrHitsJfcn(s)< Tor a defatted descrip* 
tlon of thte procedure see Horton ef aL (iwo). One prtmw 
used in the second reoombtnanl PCR reaction introduced a 
unique BemH\ sHe fjeyond the * end of the coding 
sequences for (he UP gene» The products from me recornbl* 
nam round of PCR were purified after agarose gel elecirophor- 
eszit and digested wtth restriction eraymoa Xho\ and BfrrMi 
The targo Xhoi-BamHl fracront from ptaamW pPA lMlM - 
Xa-LF was purified by agarose gel electiophorasls and 
Hgated to eech of the mutated LP Xhot-tanHI fragments 
daacribed above. DMA sequence; h me mutated regions 
w*^ copflm^ by taojje^ 

B. wtthrad* AH five pi**mWs were Introduced Mo 6. anthm- 
cte UM23C1-1 by elwxtoporatxxi (Quinn and Dancer, 1390). 
Ptosrhld pPA'-^-Xa-UP la an expression plasmld which 
codes lor the high-level expression m a twth&ds of LF 
fu«edtottiePAieak)uasi M 164BndwlU 
elsewhere* 

Production and ptffcaVon of PA'- 10 *-te-LF fusion 
protein* from B. anthraeia 

PA proteins and PA 1 " 1ft *-Xa-LF fusion pfotetrie were pro- 
duced by growth of the tiansfofrned a arthracia stmrw In 
fa mddkJTTi as previously described for PA {Kfimpei si at, 
1 092). Cultures (51) were grown 14-1 B h at 97*C fn a 101 B*> 
Hon/ fermentor (New Brunewfcfe Scion tfffc), aerated at 31 air 
per min, with stfrtng ai 4fiOr.p,m\ After growth, me cufture 
was cooled to Ig-^SX, ROTA added to ImM, And the 
pHadustedto&Q. Bacteria were removed by cettitfugatton 
al 5020 x fif at 4^ for 30 rrin, Proteins were pffxtftatsd by 
addition of 047 g ammonium sulphate per ml of supernatant 
The pretipitatBd proteins were concentrated by cerrlnfuga- 
tion, dSa)ysad r and purified by chromatography on hydroxy- 
apatite (CeJWochem) and MonoQ column* (Phamtacla) 
(Qutnn era/., 1989; tappJe. I We), Pa 1 ~ 1w -Xa-LF fusions 
eiuted from MonoQ reeJn at 300-320mM MaQ in pH7.5 
buffers. The purified fusion proteins were diluted to 
I.Omgml- 1 wfm cleavage buffer (20 mM Trls-HCi, 100mN 
NaO, 2mM CaCl*. pHau) and ncubaled with lector Xa 
(30 M flmT 1 ) for 12h at BPC Tne reevWng LP was purJfted 
by anion exchange chromatography on a MonoQ column. 
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